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CELL BIOLOGY PROGRAMME 

Introduction 

The main challenge in contemporary cell biology is to understand the basic mechanisms for generating 
and maintaining 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 membrane trafficking, microtubular and actin 
ftlament networks, the cell cycle and the cell nucleus. These themes together 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 studied in the test tube or in penneabilized cells. Several such assays have been 
developed by different groups in the Programme during recent years. The main emphasis is now on 
identifying the components of the machinery responsible for membrane trafficking, cytoskeletal and 
nuclear pore 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 only ten years ago seemed unaccessible 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 continously improved during the last decade, it is obvious that these tools have 
to be further improved. This is another important task of the Cell Biology Programme. One example is 
the collaboration with the confocal light microscopy group in the Physical Instrumentation Programme 
to develop microscopic assays for cellular functions both in living cells and in reconstituted systems. 
We are trying to mirror the dynamic interactions between organelles in their cellular context by using 
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 methodology where 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. 

Two groups left the Programme in Ed Hurt and Spyros Georgatos. Their departure ends our 
engagement in nuclear envelope and nuclear pore research. These two groups have pushed EMBL into 
the forefront of this exciting research area. Georgatos has moved to the University of Crete and Hmt to 
the University of Heidelberg. Two new groups have joined the Progranune in 1995: Tommy Nilsson 
and Michael Way. Nilsson will work. on the structure and function of the Golgi complex while Way 
will study the role of actin in intracellular locomotion. 





Biogenesis of cell surface polarity 

Group leader: K Simons 

Fellows: P. Auvinen, S. Eaton, K Fiedler* , A. Fra*, E. lkonen, P. Keller*, F. Lafont, 
S. Lecat*, M. Murata*, J. Peranen* , P. Scheiffele, T. Yoshimon"*, D. Zacchetti 

Assistants: S. RuF, H. \fJrta 

One of the astonishing features of cellular architecture is the 
distinctive organization of the interiors and exteriors of every 
cell type. How each cell type manages to achieve its charac-
teristic form is an enigma that will occupy biology for years to 
come. Cellular morphogenesis involves a complex interplay 
between signal transduction, gene expression, organelle 
biogenesis, membrane trafficking and dynamic cytoskeleton 
networks. These processes will have to be dissected at 
the molecular level and then integrated into their cellular 
context to gain an understanding of how cell architecture is 
established. A striking example of cell morphogenesis is the 
biogenesis of polarity in epithelial 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 asymmetry. Epithelial cells form a barrier between the 
external world and the interior milieu. To perform vectorial 
functions at this boundary the plasma membrane of each 
epithelial cell is divided into two domains: an apical cell 
surface facing the outside and a basolateral domain, which 
is in contact with the underlying extracellular matrix and the 
blood supply. These plasma membrane domains have differ-
ent protein and lipid compositions. The experimental system 
that we use is the Madin-Oarby 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 glycoproteins either to the apical or the basolateral 
plasma membrane domains. These proteins have therefore 
become important model apical and basolateral proteins to 
study polarized sorting and segregation in filter-grown MOCK 
cells. 

One early outcome of our work was the finding that glycosph-
ingolipids are preferentially sorted to the apical membrane 
from the trans-Golgi network (TGN). This led us to formulate 
the working hypothesis that sphingolipid rafts are essential 
components in apical sorting and function as platforms 
onto which cargo such as glycosylphosphatidylinositol(GPI)-
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linked proteins and apical transmembrane proteins are 
loaded for transport to the apical surface domain. Recent 
work in our laboratory suggest that also fibroblasts have 
the capacity to sort proteins and lipids into apical and 
basolateral cognate transport vesicles in the Goigi complex. 
This would imply that the differences between epithelial cells 
and fibroblasts in this respect is that the docking machinery 
is polarized in the former cell type but not in the latter 
cells. Therefore we would like to postulate the existence of 
two general routes from the Goigi complex to the plasma 
membrane. The apical paradigm from apical transport is also 
employed to assemble caveolae at the cell surface. Although 
caveolae are not continuously internalized several studies 
show that they can function in endocytosis in a regulated 
manner. Thus there is both an exocytic and an endocytic leg 
to the sphingolipid rafting mode of transport. 

Blosynthetic sorting and the trans-Goigi network 
(K. Fiedler, E. Ikonen, F. Lafont, S. Lecat & O. Zacchetti) 

To identify the molecular machinery involved in the sorting 
and targeting of apical and basolateral components in the 
TGN we have isolated the transport vesicles from MOCK 
cells. Analysis of the protein composition of these trans-
port vesicles led to a method which enabled us to iso-
late and characterize several important proteins involved in 
biosynthetic sorting and transport to the apical membranes. 
These proteins include VIP21-caveolin, VIP36, and VIP17-
MAL. Together with apical cargo proteins such as influenza 
virus haemagglutinin these proteins form a large detergent-
insoluble complex in the Golgi complex. VIP17-MAL is the 
newest addition. This protein has four membrane spanning 
segments and has previously been found in myelin and 
T-cells. Our previous work has demonstrated that Rab8, NSF, 
SNAPs, and SNAREs are involved in basolateral delivery. 
However, the apical transport vesicles seem not to make 
use of this type of machinery for docking and fusion. Instead 
specificity may be controlled by annexin 13b, a member of 
the annexin family. How this protein interacts with the VIPs 
and with the sphingolipid rafts are questions under intensive 
study in our laboratory. 



VIP21-caveolin is a cholesterol binding protein 
(M. Murata & F. Wieland (Heidelberg)) 

It is becoming obvious that cholesterol plays an important 
role in the sphingolipid rafts. Cholesterol seems to associate 
with sphingolipids in the post-Golgi routes of membrane 
trafficking. We have now been able to show that VIP21-
caveolin is a cholesterol binding protein. This is based 
on direct determination of cholesterol in the purified lung 
VIP21 preparation and on the specific interaction of E.coli 
VIP21-caveolin with cholesterol-containing lipid mixtures. In 
contrast with the mammalian VlP21 the bacterial expressed 
proteins did not contain bojJnd cholesterol since E.coli does 
not synthesize cholesterol. This is probably the reason why 
exogenous cholesterol is required for the Ecoli protein to 
reconstitute into proteoliposomes. Quantitation showed that 
about one cholesterol is bound to one VlP21 molecule. It is 
interesting that both the structure and function of caveolae 
are dependent on membrane cholesterol. H cells are treated 
with sterol-binding drugs as filipin the caveolar coat disas-
sembles and the caveolar domains become flattened. Also 
cells that have been depleted of cholesterol have a reduced 
number of caveolae. Our present results suggest that these 
effects on cholesterol may be mediated by the interaction 
with VIP21. We assume that VIP21 by virtue of its cholesterol 
binding ability associates with sphingolipid-cholesterol rafts 
and by virtue of its capacity to sef-associate organises 
the microdomains within the plasma membrane forming the 
caveolae. 

N-glycans playa role as apical sorting signals 
(J. Peranen & P. Scheiffele) 

Sorting of basolateral transmembrane proteins is mediated 
by signals in their cytoplasmic domains. GPI-anchored pro-
teins have been shown to carry apical sorting information 
in their glycolipid tails while the sorting signals in api-
cal transmembrane proteins are thought to reside in their 
ectodomains because truncated forms lacking the cytoplas-
mic tail and the membrane anchor are secreted apically. We 
have now demonstrated that carbohydrates act as an apical 
targeting signal for secretory proteins. Growth hormone 
which is not glycosylated and secreted from both sides of 
MOCK cell layers is secreted from the apical side when glyco-
sylated. H N-glycans are used as apical sorting signals the N-
glycosylated basolateral secretory proteins must somehow 
escape from being included into the apical transport vesicles. 
One obvious possibility is that these proteins are sorted by 
receptors binding to the secretory proteins with higher affinity 
than the putative apical lectin. One lectin candidate has been 
identified in the apical transport vesicle and this protein is 
VIP36. However, the binding specificity of this potential lectin 
is not yet known. It remains to be determined whether apical 
membrane proteins also use glycans as sorting signals. 
Apical transmembrane glycoproteins are known to carry 
apical signals in the ectodomains consistent with a role 
for glycosylation in the sorting process. Glycosylation could 
provide a clue for understanding the perplexing plasticity of 
protein sorting in epithelial cells. There are several examples 
on membrane proteins that are basolaterally located in one 
cell type and apically in others. It is also known that when 

the basolateral signal is removed by mutagenesis from the 
cytoplasmic domain of a basolateral glycoprotein the mutated 
protein will be delivered to the apical membrane by virtue of 
its ectodomain signal. Basolateral proteins therefore seem 
to contain both a basolateral and an apical signal but the 
former is dominant over the other. Modulation of protein 
sorting could simply be due to inhibition of the cytoplasmic 
signal by post-translational modifications which would allow 
the promiscuous apical signal to come into play and redirect 
the protein to the apical side. 

Fibroblasts have apical and basolateral 
cognate routes to the cell surface 
(P. Keller & T. Yoshimori) 

The question of how membrane proteins are delivered from 
the TGN to the cell surface in fibroblasts have received 
little attention. Is post-Golgi surface delivery in fibroblasts 
completely different from the apical and basolateral pathways 
or do they use apical andlor basolateral cognate routes to 
deliver proteins to the plasma membrane. We have analysed 
the transport of the vesicular stomatitis virus protein VSV-G 
and the Semliki Forest virus spike protein which both are ba-
solateral in MOCK cells and of influenza virus haemagg/utinin 
which is apical. In addition we have also studied the transport 
of a haemagglutinin mutant (Cys543Tyr) which is basolateral 
in MOCK cells (in collaboration with Michael Roth, Dallas). 
Aluminium fluoride, a general activator of heterotrimeric G 
proteins, inhibited the transport of the basolateral cognate 
proteins as well as the haemagglutinin mutant from the 
TGN to the cell surface in BHK and CHO cells but had 
no effect on the surface delivery of the wild-type haemag-
glutinin. Only wild-type haemagglutinin became insoluble 
in the detergent CHAPS doing transport to the BHK and 
the CHO Golgi complexes whereas the basolateral marker 
proteins remained CHAPS soluble. We also developed an 
in vitro assay using streptolysin O-permeabilized BHK cells 
similar to the one we have previously used for analysing 
polarized transport in MOCK cells. In this assay anti-NSF 
and rab-GOI inhibited transport to Semliki Forest virus spike 
glycoproteins from the TGN to the cell surface having little 
effect on transport of the haemagglutinin. Altogether these 
data suggest that fibroblasts have apical and basolateral 
cognate routes from the TGN to the plasma membrane. 
Our findings that non-polarized cells already possess two 
putative post-Golgi for surface delivery opens up completely 
new perspectives on polarized membrane trafficking. 

Caveolar biogenesis 
(A. Fra & R. Parton) 

The finding of VlP21 in caveolae linked the formation of 
caveolae to the formation of apical vesicles in the TGN. Most 
important in this context is that glycolipids and GPI-anchored 
proteins that are preferentially routed of the apical membrane 
can also be concentrated in caveolae. Although these plasma 
membrane invaginations have been postulated not to leave 
the cell surface, our results have clearly documented that 
caveolae are dynamic structures which can be internalized. 
This process seems to be regulated by kinase activity and re-
quires an intact actin network. Although caveolae are present 
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in many cell types they are not ubiquitous structures. We have 
recently shown that caveolae are missing from lymphocytes. 
Despite the lack of caveolae both the GPI-anchored protein 
Thy 1 and the glycosphingolipid GM 1 were present in 
detergent-insoluble complexes. We have now shown that 
the expression of VIP21 caveolae in lymphocytes causes 
the de novo information of plasma membrane invaginations, 
indistinguishable from caveolae in other cells. We envisage 
that VIP21 plays a role in bending the membrane to form 
caveolae. The sphingolipid rafts move about on the surface 
of the plasma membrane and they are linked together by 
VIP21 in the process of forming caveolae. 

The GTPase Rab8 promotes polarized membrane 
transport through reorganisation of actin and 
microtubules in fibroblasts 
(P. Auvinen & J. Peranen) 

One interesting issue is how cytoskeletal elements regu-
late outgoing membrane traffic during cell polarization. It is 
known that microtubules play an important role in polarized 
membrane delivery in both epithelial cells and in neurons. In 
motile fibroblasts newly synthesized membrane proteins are 
inserted at the leading edge in the microtubule dependent 
fashion. 

We have now demonstrated a surprising connection between 
post-Golgi membrane traffic and cytoskeletal organization 
during the formation of cell protrusions. We have analysed 
the effects of mutants of the Raba GTPase in BHK cells. 
Rab8 is known to regulate biosynthetic traffic to the cell 
surface. The protein is localized in carrier vesicles derived 
in the trans-Golgi network and on the plasma membrane. 
We have demonstrated that Rab8 acts on transport of newly 
synthesized VSV-G from the TGN to the basolateral plasma 
membrane in epithelial cells. In hippocampal neurons Rab8 
regulates protein transport from the Golgi complex to the 
dendrites but not to the axons. We have now found that 
an activated mutant of Raba not only affects biosynthetic 
membrane traffic to the cell surface in fibroblasts but changes 
cell morphology as well. Cell protrusions are formed by a 
reorganisation of both the actin and microtubule networks 
and of the biosynthetic membrane transport routes. Our data 
provides a missing link between the cytoskeleton machinery 
and the outgoing membrane traffic. The challenge will now 
be to identify how RabS is exactly linked to these processes 
on the molecular level. 

The role of the actin cytoskeleton 
in epithelial organization 
(S. Eaton) 

The MOCK cell system has proved its worth as a tool 
to gain access to the molecular mechanisms responsible 
for epithelial architecture. However, it is obvious that the 
elucidation of the complex interplay between membrane 
trafficking and dynamic cytoskeletal networks will require 
other experimental strategies as well. We have therefore 
decided to include Drosophila developmental genetics in 
our research repertoire. We have chosen to study the role 
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of Cdc42 and Rac1, two proteins that are members of the 
Rho family of small GTPases and are required for a diverse 
set of cytoskeleton-membrane interactions in different cell 
types. Most interestingly from our point of view, Cdc42 is 
involved in regulating yeast bud polarity and is ubiquitous and 
very well conserved between different organisms including 
Drosophila and dog. We have investigated the specific and 
separate roles for these two proteins in organizing the wing 
imaginal disc epithelium during Drosophila development. 
Cdc42 protein is localized specifically to apical and base-
lateral regions in elongating cells, but is present along the 
entire lateral surface of other cells. When Cdc42 activity is 
reduced, cells fail to assemble a basal actin plaque that 
is specific to elongating cells and display other apical and 
basal defects. Instead of becoming tall and cylindrical, such 
cells are short and pyramidal. This suggests that apico-basal 
growth depends on assembly of specific apical and basal 
actin structures by Cdc42. 

In contrast, Rac1 is required to assemble actin at adherens 
junctions. Depletion of adherens junction actin has no conse-
quences for the apical-basal polarity of the cell, but instead 
disrupts the generation proximal distal polarity. The proximal 
and distal sides of each wing epithelial cell are distinguished 
from each other by the formation, on the distal side, of an actin 
and microtubule-filled membrane outgrowth that becomes 
the wing hair. Cells that express a dominant negative rac1 fail 
to limit these projections to the distal-most point of each cell. 
In an effort to understand how epithelial cells are polarized in 
the plane, we have begun an investigation of the cytoskele-
tal events that lead to these polarized outgrowths in both 
wild-type cells and cells in which the process is deranged by 
lack of rac1 activity. Wing epithelial cells organize their apical 
microtubules and actin in a radial array that terminates at 
adherens junctions. Outgrowth of a wing hair is presaged 
by the elongation of those apical microtubules that point 
distally and by the accumulation of actin filaments at the distal 
side of each cell. Cells that express a dominant negative 
rac1 fail to accumulate normal amounts of actin at adherens 
junctions, and their apical microtubules appear disorganized. 
Actin filaments do not accumulate distally in these cells. This 
suggests that actin and microtubules interact to polarize each 
epithelial cell along the proximal distal axis. 
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Molecular mechanisms of lysosomal enzyme targeting 

Group leader: B. HofJack 

Fellows: A. A1conac:Ja. L Baricault*. M. Camps*. J. Lanoix. A. Le Borgne. F. Mauxion. H. Munier-Lehmann 

Visitors: J. Salamero*. W. Schaffer: 

Assistant: U. Bauer 

The secretory and the endocytic pathways of eukaryotic cells 
are organized in several distinct membrane-bounded com-
partments connected by vesicular transport. The first step 
of vesicular traffic is the translocation of coat-components 
onto membranes of the donor compartment to generate a 
transport vesicle. During this process, some transmembrane 
proteins, presumably interacting with coat components, are 
segregated into the nascent vesicle while some others re-
main excluded. After vesicle budding, the coat components 
are released and the vesicles fuse with the acceptor com-
partment. As a model system to study membrane traffic 
and segregation of membrane proteins in eukaryotic cells, 
we are studying the transport of the newly synthesized 
lysosomal hydro lases from the biosynthetic to the endocytic 
pathway. 

During their transport through the secretory pathway, the 
lysosomal hydrolases acquire a common recognition marker 
(man nose 6-phosphate residues on their oligosaccharides) 
that is recognized by two specific transmembrane proteins, 
the man nose 6-phosphate receptors (MPRs). These recep-
tors recycle between the trans-Golgi network (TGN), where 
they sort lysosomal enzymes from secretory proteins and 
the endosomes, where their bound-ligands are released. 
These receptors also recycle between the plasma mem-
brane where they endocytose extracellular ligands and the 
endosomes. One critical step in the transport of the newly 
synthesized lysosomal hydrolases is the segregation of their 
receptors into clathrin-coated, TGN-derived vesicles which 
are then delivered to endosomes. Our goals are to elucidate 
the different molecular mechanisms as well as the precise 
protein/protein interactions, responsible for the sorting of 
lysosomal enzyme receptors in the TGN and their vesicular 
transport to endosomes. 

Function of the MPRs in lysosomal enzyme targeting 

In mammalian cells, two distinct but related transmembrane 
glycoproteins bind the mannose 6-phosphate signal of Iyso-
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somal enzymes. The first is the cation-dependent MPR 
(CD-MPR) and the second the cation-independent MPR (CI-
MPR). The latter is a bifunctional protein which also binds the 
insulin-like growth factor II, a non-glycosylated polypeptide 
involved in development. The biological significance of the 
existence of two MPRs has remained elusive. However, gene 
disruption experiments in mice and the production of new 
cell systems expressing either MPR or no MPR have been 
instrumental for elucidating their function in vivo (for review 
Ludwig etat., 1995). These studies demonstrated that the two 
MPRs are the major components of the Man-6-P-dependent 
targeting system, probably functioning in concert for efficient 
intracellular targeting of lysosomal enzymes. 

We have now completed these studies and stably re-
expressed each MPR in immortalized MPR-negative fibrob-
lasts and studied lysosomal enzyme transport as a function 
of MPR expression. What emerged is that the MPRs have 
complementary targeting functions since one MPR alone, 
even expressed at high levels, cannot compensate for the 
absence of the other. Indeed, the MPRs appear to trans-
port different subsets of lysosomal enzymes, suggesting 
that each MPR recognized slightly different features in the 
Man-6-P recognition signal on lysosomal enzymes. To test 
this hypothesis, we analysed the oligosaccharides present 
on lysosomal enzymes which show preferred interactions 
with one given MPR. The ligands preferentially interacting 
with the CI-MPR are enriched in oligosaccharides con-
taining two Man-6-P residues while those interacting with 
the CD-MPR are enriched in oligosaccharides containing 
only one Man-6-P residue. Thus, two distinct but related 
MPRs are probably necessary to cover the wide spectrum 
of post-translational modifications found on the dif-
ferent hydrolases that are targeted to Iysosomes via this 
Man-6-P-dependent mechanism. Moreover, depending on 
the phosphorylation state of their oligosaccharides, some 
hydrolases are sorted by CI-MPR while some others are 
sorted by the CD-MPR. Thus, these studies provide for 
the first time a rationale for the existence of two MPRs in 
mammalian cells. 



MPR sorting and AP·1 recuitment on TGN membranes 

In the ttans-Golgi network (TGN). the MPRs are segre-
gated into nascent clathrin-coated vesicles. The first step 
of clathrin-coat assembly in the TGN is the translocation of 
the cytosolic Golgi-specific assembly proteins. AP-1 onto 
the membranes of this compartment, a process highly 
regulated by a brefeldin A-sensitive. small GTPase of the 
ARF(ADP-ribosylation factor) family. probably ARF-1. AP-1 
is a hetero-tetrameric complex. homologous to its plasma 
membrane-specific counterpart AP-2 which is involved in the 
formation of endocytic. clathrin-coated vesicles. In addition. 
some of AP-1 subunits share similarities with some subunits 
of the coatomer COP I complex which represents the coat 
components of non-clathrin coated vesicles that others have 
shown to function in vesicular transport in the early secretory 
pathWay. We have been using an in vitro assay that quan-
titatively measures AP-1 binding onto TGN membranes of 
steptolysin-O permeabilized cells to dissect the first step of 
clathrin-coated vesicle formation (Le Sorgne et aJ., 1993). 
We could demonstrate that the MPRs are. together with the 
GTPase ARF, essential components required for the efficient 
translocation of AP-1. onto its target membrane (Le Sorgne 
et aI., 1996). Thus. membrane protein sorting in the TGN 
is highly coupled to the first step of clathrin-coat assembly 
strongly suggesting that the number of transport vesicles 
that are formed could depend on the level of expression 
of the membrane proteins that are sorted along the AP-1-
dependent pathway. Whether this applies to other types of 
transport vesicles. such as non-clathrin-coated vesicles is at 
present unknown. It could be expected from the above results 
that mutations introduced in the CD-MPR tail would affect 
AP-1 binding onto membranes. This in vitro AP-1 binding 
assay has been used to determine the protein motif in the 
CD-MPR cytoplasmic domain that is responsible for these 
interactions. The re-expression of several CD-MPR mutants 
in MPR-negative fibroblasts showed that efficienttransport of 
lysosomal enzymes requires two different determinants. The 
first is a casein kinase II phosphorylation site (ESEERD) that 
is critical for AP-1 binding. the second is a dileucine-based 
motif. which by itself is not essential for AP-1 binding and. 
therefore might be required for a yet unidentified. post AP-1 
binding event (Mauxion et aJ •• 1996). Moreover. our results 
stresses the fact that AP-1 and AP-2 may function in a differ-
ent manner since tyrosine-based motifs. which support the 
AP-2 dependent endocytosis of the CD-MPR are apparently 
not required for AP-1 binding. We do not yet know whether 
this casein kinase II phosphorylation site functions directly 
or indirectly in AP-1 binding. It remains possible that the 
phosphorylation of this site (a transient modification acquired 
by the MPRs in the TGN or shortly thereafter. Meresse & 
Hoflack. 1993) induces a conformational change in the MPR 
tail thereby uncovering additional sorting motifs. We have 
now generated several chimeric proteins containing either of 
these sorting motifs in their cytoplasmic domains. We are 
currently testing their ability to induce AP-1 recruitment onto 
TGN membranes of MPR-negative cells. 

Several transmembrane proteins are thought to follow the 
same sorting pathways as the MPRs. The fact that MPR 
expression induces AP-1 recruitment can be used to inves-
tigate more extenSively membrane protein sorting along the 

AP-1-dependent pathway. We are now using this in vitro 
AP-1 binding assay to define the sorting routes of several 
interesting molecules which have remained elusive thus far. 
One good example is the class II molecules of the major 
histocompatibility complex (MHC class II molecules) which 
presents antigenic peptides at the cell surface. This complex. 
consisting of a and p subunits linked to the invariant chain Ii 
must reach the hydrolase-rich compartments ofthe endocytic 
pathway of eukaryotic cells where the complex binds the 
antigeniC peptides. In collaboration with J. Salamero (Institut 
Curie. Paris). we could show that the a, P.li complex can trig-
ger AP-1 recruitment while the a, P dimer is unable to produce 
this effect. This study illustrates how a single transmembrane 
protein (Ii). by interacting with other transmembrane proteins 
devoid of sorting Signals can determine the transport of a 
multimeric complex. 

Clathrin-coated vesicle formation in the TGN 

The finding that protein sorting in the TGN is coupled to 
clathrin-coat assembly suggests that multimeric complexes 
containing the cargo membrane proteins (MPRs). AP-1 and. 
possibly the GTPase ARF-1. are formed in the plane of the 
membrane and then clustered to form a nascent vesicle. 
Indeed. the electron microscopy performed in collaboration 
with Gareth Griffiths shows that AP-1 bound to the TGN 
membranes is not only present in coated budding profiles but 
is also present in non-budding sites. This proposed clustering 
step could be mediated by AP-1 which could self-aggregate 
or. more interestingly. by clathrin triskelions which bind to 
AP-1 and have the property to self-assemble into lattices. 
We are currently reconstituting these different steps in vitro 
to test this hypothesis. 

Regulation of protein sorting and clathrin-coated 
vesicle formation in the TGN 

Our studies indicate that the affinity of the AP-1 assembly 
proteins for membranes can be modulated by phosphoryla-
tion of the MPR cytoplasmic domains. In other words. this 
post-translational modification modulates the rate of exit of 
the MPRs from the TGN. We have previously shown that a ca-
sein kinase II type enzyme is responsibleforthis modification. 
We are currently re-investigating the implication ofthis kinase 
in AP-1 binding. We could show that. indeed modulators of 
the kinase activity drastically affect AP-1 recruitment onto 
membranes. 

During the past few years. it became evident that the small 
GTP-binding proteins of the ARF (ADP ribosylation factor) 
subfamily function as molecular switches for coat-assembly 
and disassembly in the secretory pathway. These GTPases 
bind to membranes via a myristoylated lipid anchor and cycle 
between membranes and cytosol. More recently. ARF-1 
has been shown by others to be critical for both coatomer 
assembly in the early secretory pathway and AP-1 binding 
in the uans-Golgi network in vitro. We have re-expressed 
a dominant negative mutant of ARF-1 impaired in GTP 
hydrolysis in He!a cells. The fragmentation of the TGN. 
as seen after AP-1 staining strongly suggests that ARF-1 

11 



regulates clathrin coat assembly in vivo. Our measurements 
of the parameters of the AP-1 binding reactions in cell 
systems depleted in ARF-1 or MPRs indicates that, by 
themselves ARFs or the MPRs are low affinity interacting 
components and that they must be present together to 
trigger high affinity binding of AP-1 (Le Borgne etaL, 1996). 
These results could indicate that these two components 
are present in a protein complex which, we suspect, might 
contain additional membrane components responsible forthe 
specificty of the interaction (Plate 1). Using both biochemical 
and molecular approaches, we are trying to identify these 
components. 

Varicella Zoster virus assembly 

Viruses have proven to be valuable tools for revealing basic 
cellular mechanisms. In this respect, the Varicella Zoster 
virus (VZV) is relevant to the step of membrane traffic that 
we are studying. This enveloped virus, a member of the 
Herpes viruses, is formed by budding of the nucleocapsid 
into endocytic compartments. Therefore, the viral envelope 
glycoproteins must be targeted to this compartment It has 
been proposed that some viral glycoproteins, which can 
acquire the Man-6-P signal on their oligosaccharides, like 
lysosomal enzymes, could be transported by the MPRs. 
However, alternative mechanims must exsist since Herpes 
viruses can assemble in MPR-negative cells (Brunetti et aI., 
1995). The glycoprotein Gp-I of the vzv, a membrane protein 
highly conserved in Herpes viruses, and the MPRs exhibit 
similar features in their cytoplasmic domains, suggesting that 
they could be sorted by the same molecular machinery. We 
have now cloned and expressed Gp-I in mammalian cells. We 
could show that Gp-I, when expressed alone, while localizing 
predominantly to the TGN at steady state, rapidly recycles 
between this compartment and the plasma membrane. In 
this respect, Gp-I behaves as the two other transmembrane 
proteins TGN 38 and furin, a TGN endoprotease involved in 
the maturation of many proteins (hormones and viral glyco-
proteins for example). In the TGN, Gp-I is sorted along the 
AP-1 dependent pathway since its over-expression triggers 
AP-1 recruitment. Thus, Gp-I follows the same routes as the 
MPRs using the same sorting machineries. We have also 
expressed several Gp-I mutants to map the important sorting 
signals of its cytoplasmic domain. Our preliminary analyses 
indicate that, in addition to the tyrosine-based endocytosis 
motif, a casein kinase " phosphorylation site, similar to that 
found in the MPR tails, is also an important determinant 
regulating the cycling of this protein. Interestingly, the VZV 
genome uncodes two SerfThr kinases which could potentially 
phosphorylate this site. These results have interesting impli-
cations for the biogenesis of the virus. They indicate that Gp-I 
can use the AP-1-dependent sorting machinery to reach the 
endosomes where the virus particles form. In addition, Gp-I 
is also known to interact with other envelope glycoproteins 
apparently devoid of any known sorting signals. H these 
complexes would form in the secretory pathway, Gp-I would 
have the potential to drag these envelope glycoproteins to 
the endosomes. 
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PLATE 1 

A model for AP-1 interaction with the TGN membrane. The AP-1 
complex recognizes a high affiity binding site that contains both 
the MPRs and the small GTPase ARF. As ARF is inserted in 
the membrane, the GOP bound to it is exchanged for GTP. The 
stoichiometry of interaction, and possible involvement of other mem-
brane components (triangle), are not yet clear. 

ARF 
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Mechanism of mitotic spindle assembly 

Group leader: E. Karsenti 

Fellows: S. Andersen, H. Boleti, D. Chretien, J. Dominguez, R. Heald, I. Hoffman*, S. Reinsch, I. Vemos 

Assistants: A. Sawyer, H. Wilhelm 

In interphase, microtubules form a more or less dynamic 
network of fibres, usually originating at the centrosome. 
They play a role in intracellular movement and positioning 
of organelles (mitochondria, Golgi apparatus, cytoplasmic 
vesicles). When the cell enters mitosis, the interphase net-
work disappears and microtubules start to assemble the 
mitotic spindle, the function of which is to segregate the 
chromosomes among the two daughter cells without failure. 
Therefore, one important function for microtubules seems to 
be, in interphase as well as in mitosis, to guide and orient 
intracellular movements. In turn, the spatial organization of 
microtubules 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 microtubule nucleation, dynamics, orientation and 
organization 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. 
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 (Clarke, et aI., 1995). We have temporarily 
interrupted the line of research concerning cell cycle regu-
lation to focus on the mechanism of spindle assembly and 
the regulation of microtubule dynamics. To go further in the 
understanding of spindle assembly, we need to know more 
about the molecular basis of microtubule growth and dynamic 
instability, to identify the MAPs regulating this process and 
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 specifically, we need 
to understand how microtubule growth is biased towards 
chromosomes and how bipolarity is established. 

The structural basis of microtubule dynamiCS 

We still do not understand properly the molecular ba-
sis of microtubule dynamic instability. To approach this 

question, samples of pure microtubules have been em-
bedded in vitrified water and observed by electron mi-
croscopy. Correlation of the structure of pure microtubule 
ends observed in vitrified water with the dynamic properties 
of similar microtubules observed by interference contrast 
video microscopy indicates that microtubu/es grow first as 
a sheet of protofilaments that then closes into a tube. 
The closure rate seems to be highly variable (Chretien, 
et aI., 1995). We think that when a microtubule cylinder 
closes almost to the end of the growing protofilament 
sheet, this forces GTP hydrolysis in the terminal subunits 
and leads to catastrophic depolymerization of the micro-
tubule. This involves collaboration with the group of S1ephen 
Fuller. 

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 ofthe 
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 
important to understand how the shape and size of the mitotic 
spindle are determined. S. Andersen and J. Dominguez 
are presently focusing on the characterization of MAPs in 
Xenopus egg extracts. A new MAP, XMAP31 0 which is asso-
ciated with spindle microtubules in mitosis and present in the 
nucleus in interphase is being characterized. We are trying 
to clone XMAP 230 and to develop strategies to determine 
which MAPs are required for spindle assembly and clone 
them. 

The role of chromatin in spindle assembly 

In 1984, I noticed that mitotic chromatin is required to form 
a functional bipolar spindle: the microtubules of two asters 
localized next to each other in a mitotic cytoplasm never in-
teracted because microtubules were too short and dynamic. 
In contrast, microtubules self organised into a bipolar spindle 
in the absence of centrosomes around DNA lacking kineto-
chore sequences in frog eggs. More recently this view has 
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PLATE 2 

Spindle assembly around DNA beads in Xenopus egg extracts. 
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been supported by several observations and chromosomes 
seem to contain a factor that stabilizes microtubules in their 
surrounding. This may be a phosphatase that opposes the 
effect of cdc2 kinase on MAPs locally (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 (like MAPs for example; 
collaborations with the groups of Tony Hyman and Ernst 
Stelzer, EMBL Heidelberg and S. Leibler, Princeton). 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 (Plate 2). 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 inter-
phase extracts, functional nuclei would assemble around the 
beads whereas in mitotic extracts, bipolar spindles assemble 
in the absence of centrosomes and kinetochore sequences 
on the DNA linked to the beads. In collaboration with Regis 
Tournebize, in the group of Tony Hyman, she then showed 
that spindles assemble around such beads in several steps 
through a process that puts into question the classical view 
of mitotic spindle assembly. First, microtubules grow from 
several foci around the beads. Second, microtubules self 
assemble into two poles that finally become organised into 
a bipolar array. Such a process requires that the chromatin 
associated with the beads has a local effect on microtubule 
nucleation and/or dynamics. This is the step which we 
believe involves the activity of enzymes like phosphatases 
associated with chromatin and affecting the phosphorylation 
state and activity of soluble molecules regulating microtubule 
dynamics. Motors must also participate in the sorting of 
microtubules into bipolar arrays. Preliminary results indicate 
that dynein is required to focus the poles as predicted by our 
previous work (Verde, et aI., 1991; Vernos & Karsenti, 1995). 
Motors associated with chromatin as reported in the next 
section are also certainly of fundamental importance in this 
process, to push microtubules away from the chromosomes 
as shown in Plate 3. These beads represent a real technical 
breakthrough for the study of many aspects of nuclear func-
tion in interphase and to unravel the mechanism of spindle 
assembly. 
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PLATE 3 + 
Spindle organization by pJus-enc:k:lirected motors on chromosome 
arms and minus-enck:firected motors moving between adjacent 
microtubules. 



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 deliver specific 
cargoes to cellular domains. The corollary of this is that 
microtubules have to be oriented in the cellular space to 
allow for specific delivery. How this orientation takes place, 
how motors read microtubule polarity, how motors interact 
with cargoes or cellular domains are therefore key issues 
to understand an important part of the basic principles that 
govern cellular morphogenesis (Hyman & Karsenti, 1996; 
Karsenti, et aI., 1996; Vernos & Karsenti, 1996). Isabelle 
Vernos has cloned and characterized several kinesin-like 
proteins from Xenopus (XKLPs). One of them, XKLP1 is 
associated with chromosome arms. It is required for the 
positioning of chromosomes on the metaphase plate and 
for the stabilization of spindle bipolarity (Vemos & Karsenti, 
1995; Vernos, et aI., 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 morphogen-
esis of the mitotic spindle by capturing microtubules on the 
surface of chromosome arms (Plate 2). Another KLP, initially 
cloned by Isabelle Vemos and studied by Haralabia Boleti 
turns out to be associated with centrosomes. It is essential 
for centrosome separation in prophase and stabilization of 
spindle bipolarity when centrioles are present (Plate 4; Boleti, 
et ai., 1996). In spindles assembled around DNA beads 
in the absence of centrioles, this protein does not seem 
to be required for making a bipolar spindle, indicating that 
its function is associated with the presence of centrioles 
at the poles of the spindle. This opens the way to the 
characterization of centrosomal receptors for XKLP2 which 

PLATE 4 

Mechanism of centrosome separation by XkJp2 during prophase. 

is under investigation in the laboratory. In addition, the group 
of Cayetano Gonzalez will work on homologues of XKLP2 in 
Drosophila and look for interacting proteins by genetics. 

Migration of nuclei along microtubules 

Another important aspect of mitotic spindle assembly is 
the positioning of the spindle and its orientation relative to 
the polarity of the dividing cell. Sigrid Reinsch has been 
working on this problem in polarized Madin-Darby canine 
kidney (MOCK) cells (Reinsch & Karsenti, 1994). During this 
work, it became clear that both centrosomes and nuclei move 
relative to each other during prophase to orientthe axis of the 
spindle. We know very little about the molecular mechanism 
of nuclei and centrosome movements. Both seem to move in 
a microtubule-dependent W8¥ through the action of motors, 
but the MOCK system is not well adapted to approach this 
problem at the molecular level. In Xenopus eggs, following 
fertilization, the female pronucleus migrates also from the 
animal hemisphere of the egg towards the male pronucleus. 
This migration occurs along microtubules nucleated by the 
centrosome associated with the sperm. Here too, the first 
mitotic spindle has a specific orientation relative to the sperm 
entrance point and this will determine the dorsa-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 
to develop an assay to study nuclear movement along 
microtubules. Initial experiments show that the bead nuclei 
indeed move along centrosome nucleated microtubules in 
these extracts and the movements are consistent with the 
motor being dynein. It remains to demonstrate exactly which 
motor is involved in nuclear migration and where the motor 
is localized. It must in some W8¥ interact with the nuclear 
surface but nothing is known about this. 
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'Y-tubulin and centrosomes 

r-tubulin is an interesting isoform of tubulin associated with 
centrosomes. It is part of a complex involved in microtubule 
nucleation. The group of Stephen Fuller has shown, using 
a new electron microscopy (EM) technique, that it is also 
localized in the core of centrioles (Fuller, et aI., 1995; Gowen, 
et aL, 1995). This localization is intriguing in the light of results 
obtained by Cayetano Gonzalez indicating that r-tubulin may 
have a structural role in centrosomes. In this location it may 
also be involved in centrosome duplication. 
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Membrane Traffic 
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Assembly of vaccinia virus 
(S. Cudmore, J. Krijnse-Locker, N. Roos, 
S. Schleich & E. Snijder) 

We had previously shown that the first observable event in the 
assembly of vaccinia virus membranes inwlvesthe formation 
of a new cisternal domain of the intermediate compartment 
(IC) between the ER and the Golgi complex (Sodeik et aI., 
1993). That analysis based on electron microscopy (EM) 
data and supported by a lipid analysis, argued that the outer 
surface of the first of the two infectious forms of the virus, 
the intracellular mature virus (IMV) is covered by two, rather 
than one membrane. Our progress in 1995 has been at both 
the biochemical and structural levels. Towards our goal of 
understanding how viral membrane proteins facilitate the 
assembly of the IMV from the IC we have undertaken two 
different approaches. First, in collaboration with Ole Jensen 
and Andrei Shevchenko (Matthias Mann group) Jacomine 
Krijnse-Locker has built up a detailed two-dimensional (20) 
gel map of most, if not all of the IMV membrane proteins, 
as well as a number of proteins of the underlying viral 
core. This was an analysis facilitated by the fact that the 
complete DNA sequence of the virus is known. This map 
now serves as a reference for all our future biochemical 
studies. Second, we have focused in more detail on a small 
number of key membrane and core proteins. The most 
important of our findings is that the IMV membrane protein 
P21 (gene A 17L) which localizes to the IC in infected cells, 
can insert co-translationally into rough microsomes in vitro. 
In conjunction with genetic data showing that P21 is essential 
for IMV formation (by Mariano Esteban's group (Madrid), 
with whom we are collaborating) these results provide us 
with the first molecular data in support of our assembly 
model. 

The immense complexity of the structure of the IMV has 
forced us to look for new approaches to unravel its organi-
zation. Norbert Roos (a visitor from Oslo) in collaboration 
with Marek Cyrklaff (Kuhlbrandt' group) has set up a novel 

method for combining the Oubochet ubare grid" method for 
cryo EM with immunogold labelling (Roos et aI., in press). 
Their results, in collaboration with biochemical data, lead 
us to suggest that the outer cisterna of the IMV does not, 
as expected, form a complete membrane seal around the 
virus by fusing with itself but is perhaps "Plugged" by a 
proteinaceous structure. If so, a normal membrane fusion 
of the IMV with the plasma membrane during the infection 
process would be difficult to imagine, for topological reasons. 
In line with this idea an analysis of the infection process 
by both EM and biochemical approaches (primarily by Eric 
Snijder, sabbatical visitor) makes us believe at present that 
the viral core crosses the plasma membrane by some kind 
of unon-fusion" mechanism; however we are still in the dark 
about the nature of this mechanism. 

We have also extended our studies on the second, infectious 
form of vaccinia, the extracellular enveloped virus (EEV). The 
assembly of this form is initiated when the IMV is enwrapped 
by a specialized cisternal domain of the TGN, forming the 
intracellular enveloped virus (lEV) that has two membranes 
more than the IMV and one less than the EEV (Schmelz 
et aI., 1994). This model was given further support by the 
new cryo labelling method (N. Roos & R. Blasco). Rnally, in 
collaboration with Pascale Cossart (Paris), Sally Cudmore 
and Michael Way have recently discovered that the lEV 
get actively propelled by actin comets to the tips of newly 
microvilli, where they presumably fuse to release the EEV. 
For more details see the report by Michael Way. 

The phagosome projects 
(A. Blocker, J. Burkhardt, A. Jahraus & A. Haberman) 

The background to this project is the fact that J774 mouse 
macrophages are allowed to take up 1 pm latex beads 
via phagocytosis. The latex bead enclOSing phagosome 
moves intracellularly in both a microtubule- and (probably) 
actin-dependent fashion thereby facilitating a complex series 

17 



of fusion events with organelles of the endocytic pathway. At 
any stage after internalization the phagosome, enclosing the 
non-degradable particle, can easily be isolated by flotation 
constituting a preparation of a defined class of vesicles that is 
almost free of contaminating organelles. These phagosome 
preparations are then used for a number of in vitro assays 
that we have now set up. The goal of these assays is to 
understand more about the mechanisms of both motility and 
docking/fusion. 

In vitro fusion 

Andrea Jahraus has established an in vitro biotin-avid in-
based fusion assay which can monitor the fusion of phago-
somes (at any timepoint after latex internalization) with de-
fined compartments of the endocytic pathway. This analysis 
(in collaboration with T. Tjelle, a visitor from Oslo) has shown 
that phagosomes of all ages have the ability to fuse with 
all stages of the endocytic pathway. However, phagosomes 
older than 12 hrs fuse much less with all endocyticorganelles 
than do earlier phagosomes. Recent data argue strongly 
that the fusion of phagosomes with early endosomes is 
dependent on rab 5 since the addition of exogenous rab 5 (in 
a complex with GOI) stimulates the excent of fusion signif-
icantly (in collaboration with Oliver Ullrich & Marino ZeriaJ). 
We believe that the phagosome system provides an excellent 
system for dissecting the molecular machinery involved in 
docking and fusion since the latex enclosing phagosome 
can be isolated at any time during the experiment. With the 
latter in mind we recently started a collaboration with Marlies 
Otter and Dick Hoekstra (University Groningen) in setting up 
novel assays to monitor the fate of 
fluorescent lipids in the fusion events. 

The in vitro fusion assay has revealed an unexpected role 
for actin in the docking and/or fusion step. For example 
the addition of purified fragments of the actin severing 
protein gelsolin (from Michael Way) significantly stimulate 
the rate of fusion between phagosomes and endosomes. 
In collaboration with our group Sergei Kusnetzov (University 
Rostock) has now used the phagosome system to establish a 
novel light microscopical assay to monitor the specific binding 
of phagosomes to actin and has detected two cytosolic, 
actin-binding protein factors which mediate the binding of 
phagosomes to actin. 

Phagosome-microtubule interactions 

In collaboration with Fedor Severin (Hyman group) Janis 
Burkhardt and Ariel Blocker have set up an assay to mea-
sure the static binding of phagosomes to microtubules and 
another to observe their movement along polarity-marked 
microtubules. Both systems use fluorescent latex beads as 
a phagocytic marker and rhodamine labelled microtubules. 
visualised together by fluorescence microscopy. The binding 
assay indicates that the interaction of phagosomes with 
microtubules requires specific and regulated membrane pro-
teins of the phagosome, and one or a complex of microtubule-
associated proteins (MAPs; Blocker et aI., in press). The 
purification of these MAPs is now in progress. 
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Ariel Blocker, using the motility assay, has shown that 
phagosomes represent the first defined membrane organelle 
that can move bidirectionally along microtubules in vitro. 
This movement requires phagosome membrane proteins, 
macrophage cytosol and ATP. Interestingly, -early" phago-
somes move 3-fold less than -Older" phagosomes. 70% of 
moving phagosomes migrate towards the minus end of the 

. microtubules and 30% towards the plus end; 10% display 
bidirectional movement. Movement is mediated by cytoplas-
mic dynein and a kinesin-like motor. Subunits of dynein and 
its activator dynactin are found on the phagosome surface 
(see below). Recent functional data implicate an important 
role for dynactin in the minus end motility. 

Dynactin localization and function 
(J. Burkhardt) 

To move membrane organelles, cytoplasmic dynein must 
work together with a cofactor, the dynactin complex. The 
ability of dynactin to interact with both dynein and membranes 
suggests that it serves as part of a dynein receptor, but 
since dynactin can also bind directly to microtubules, it may 
also play a regulatory role. The precise organelles in the cell 
which use dyne in and dynactin has been the main focus of 
Janis Burkhardt (assisted by Anje Haberman). Quantitative 
EM immunolocalization of the dynactin subunits shows that 
dynactin is enriched on late endosomes, Iysosomes. and 
Golgi vesicles. Parallel to this disruption of dynactin function 
in vivo by overexpressing one dynactin subunit, pSO causes 
a dramatic mislocalization of these organelles. Late endo-
somes and Iysosomes are moved to the cell periphery, while 
the Golgi complex is fragmented and dispersed. 

The phagocytic uptake process 
(M. Oiakonova & R. Wepf) 

Maria Oiakonova has been collaborating with Roger Wepf 
(Haider group), who has set up novel cryo scanning electron 
microscopy (SEM) approaches as part of an investigation 
of the complex process whereby phagocytic particles are 
engulfed by cells (Plate 5). Since this is an actin-dependent 
process she has also set up previously established in vivo 
and in vitro assays for both F and G actin. We expect these 
assays will also be important for our understanding of docking 
and fusion processes. 

The structure and function of caveolae 
(R. Parton, E. Williamson, E. Stang & B. Joggerst) 

Biogenesis of caveo/ae 

Caveolae are small invaginations of the plasma membrane 
which are enriched in a membrane protein termed VIP21-
caveolin (Kurzchalia et aL, 1992). Growing evidence sug-
gests that caveolae are microdomains with a distinct lipid 
composition (Parton & Simons, 1995). To investigate how 
such a microdomain may be formed we used a lympho-
cyte cell line which lacks caveolae and does not express 
VIP21 caveolin (Fra st al., 1994). Remarkably, heterologous 
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Phagocytosis IgG coated latex beads by macrophages. The process 
of phagocytosis is trapped by quick freezing and preserved for 
imaging by cryo-preparation techniques for cryc>FESEM (for details 
see Cell Biophysics). 

expression of VIP21-caveolin in these cells caused de novo 
formation of plasma membrane invaginations. Not only did 
these invaginations have exactly the same size and mor-
phology as caveolae of fibroblasts but they were also shown 
to be enriched in clustered GPI-anchored proteins (Fra et 
a/., 1995). This property of VIP21-caveolin may depend on 
its interaction with lipid components (see Simons' report) and 
the self-association of VIP21-caveolin into oligomers (Monier 
et aJ., 1995). This unique system may give general insights 
into the role of protein-lipid interactions in the generation of 
microdomains of defined composition and morphology. 

Cloning and characterization of 
a muscle-specific caveo/in 

In a collaboration with Michael Way we showed that there are 
at least two additional caveolins expressed in mammalian 
cells. We cloned and sequenced one of these proteins 
(Way & Parton, 1995). M-caveolin, shows 64% sequence 
identity to VIP21-caveolin but. unlike VIP21-caveolin, is only 
expressed in muscle tissue. We examined the expression of 
M-caveolin in C2C12 cells which can be differentiated into 
muscle cells in vam. M-caveolin mRNA was only detectable 
in the differentiated cells suggesting that M-caveolin has a 
muscle-specific function. Tagged M-caveolin expressed in 
fibroblasts or in undifferentiated C2C12 cells colocalized with 
VIP21-caveolin. In the differentiated cells M-caveolin was 
sorted away from VIP21-caveolin into an extensive tubular 
system. These intriguing results suggest that M-caveolin 
shows muscle-specific sorting. The striking morphological 
appearance of these structures raises the fascinating possi-
bility that they represent part of the T-tubule system and that 
a caveolin may be involved in T-tubule formation. 

(A) Overview - note several latex beads are taken up over the whole 
cell body. (B) Close-up of three latex beads trapped at different states 
of the actual uptake, being partially trapped by a membrane ruffle to 
complete engulfment 
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The nuclear pore complex (NPC) 

Nuclear protein transport through the nuclear pore complex is 
a two-step mechanism in which the substrate first binds to the 
nuclear envelope followed by an energy-dependent translo-
cation through the nuclear pore channel. We now begin to 
understand what the first steps mean in terms of molecular 
mechanism of translocation, but what remains unclear is 
how the many nucleoporins are involved in the process. Like 
protein import, RNA export from the nucleus is managed by 
the nuclear pore complex, is receptor-mediated and energy 
consuming. Signals required for RNA export are present both 
on the RNA moiety and proteinaceous components bound 
to exported RNA. We are studying the yeast nuclear pore 
complex both biochemically and genetically with the goal 
to identify the proteins which are involved in the structural 
organization of the NPC and nucleocytoplasmic transport of 
both proteins and RNA. 

Nic96p Is required for nuclear pore 
formation and functionally interacts with 
a novel nuc/eoporin Nup188p 
(U. Zabel, P. Grandi & N. Schlaich) 

The trimeric nucleoporin complex consisting of Nsp1 p, 
Nup49p and NUp57p is involve.d in protein import into the 
nucleus (Grandi at aI., 1993). For the assembly of this com-
plex, only the carboxy-terminal domains of the three subunits, 
which all exhibit a heptad repeat pattern, are necessary 
(Grandi et al., 1995). The amino-terminal domains of Nsp1 p, 
Nup49p and NUp57p, which consist of FXFG and GLFG re-
peat sequences, however, seem to perform another function. 
As suggested by Blobel and coworkers, the karyophilic import 
substrate may be guided through the NPC by interaction of 
the NLS receptor complex with NPC components exposed 
to the transport channel (Rexach & Blobel, 1995). This could 
involve many reiterated steps of binding and release along a 
track created by repeat-containing nucleoporins like Nsp1 p, 
Nup49p and NUp57p. An abundant nuclear pore protein, 
Nic96p, is a good candidate which could immobilize repeat-
containing nucleoporins at the NPC. Via its amino-terminal 
domain, Nic96p binds to the trimeric Nsp1lNup49plNu57p 
complex. To analyse the role of the central and carboxy-

terminal domains of Nic96p, mutations located in the central 
part and causing a thermosensitive phenotype as well as 
deletion of the carboxy-terminal domain of Nic96p were 
introduced. In the thermo-sensitive nic96-1 and nic96-2 
mutants the physical interaction with the Nsp1-complex is not 
impaired at the restrictive temperature, but cells can no longer 
assemble nuclear pores as revealed by electron microscopy. 
The role of the carboxy-terminal domain of Nic96p, which 
is not essential for cell growth, was analysed by searching 
for synthetic lethal mutants. The three sl mutants obtained 
by this genetic screen were complemented by a novel gene 
encoding the nucleoporin Nup188p. Although NUP188 is not 
an essential gene, cells lacking NUP188 show abnormal 
nuclear envelope and nuclear pore morphology. Moreover, 
both NUP188 and NIC96 functionally interact with POM152 
(R. Wozniak & U. Nehrbass, personal communication) which 
encodes a nuclear pore membrane protein (Wozniak et 
aI., 1994). Since Nic96p can also physically interact with 
Nup188p, Nic96p appears to be a structural protein of the 
NPC which interacts with the pore membrane via its central 
and C-terminal domains, and acts as a docking protein 
for repeat-containing nucleoporins via its amino-terminal 
domain. 

In vitro assembly of the Nsp1p nucleoporin complex 
(N. Schlaich) 

The essential carboxy-terminal domain of Nsp1 is sufficient 
for complex formation with several other NPC proteins. This 
physical interaction is strongest with NUp57p and Nup49p. To 
analyse this trimeric complex in greater detail, we expressed 
its three subunits individually in bacteria and purified them 
from inclusion bodies to near homogeneity. Using gelfiltration 
chromatography and ultracentrHugation we could show that 
these proteins form a 1:1:1 complex of 150 kOa. Within 
this complex, NUp57p is the central binding partner for both 
Nsp1 p and Nup49p. Using low-angle rotary metal shadowing, 
we found that the complex has a horseshoe-like shape (in 
collaboration with U. Aebi, Basel). The in vitro assembled 
core-complex can still associate with authentic Nic96p, but 
not with an amino-terminally truncated Nic96p. Finally, the 
fluorescently labelled core-complex can be specifically tar-
geted to the nuclear pores H added to permeabilised yeast 
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cells. Taken together these results show that individually 
expressed and purified NPC proteins can be reconstituted 
in vitro to form a nucleoporin complex which is competent for 
further assembly into the nuclear pore complex. 

Nsp1p exists in two distinct nucleoporin complexes 
(P. Grandi) 

Since the NPC has a modular structure and contains be-
tween 50 and 100 nuclear pore proteins, it is conceivable that 
nucleoporins might interact with several NPC components 
to form distinct subcomplexes. By this, specific tracks may 
be generated through the NPC which allow import/export 
of distinct transport substrates. Nsp1 p is such an example 
which is found both in a tetrameric complex with Nup49p, 
NUp57p and Nic96p and in another distinct complex with 
Nup82p. To study the function of the Nup82p, we performed 
an in vivo depletion of Nup82p and found that export of 
poly(A)+ RNA, but not nuclear protein import, is impaired 
in this mutant On the other hand, the components of the 
Nsp1 plNup49plNup57p1Nic96p complex play a preferential 
role in nuclear protein import. It is not clear how a single 
nucleoporin can make multiple interactions, but in this way it 
may become connected to several NPC structures (either on 
the inner or outer side of the nuclear membrane) or different 
factors involved in nucleocytoplasmic transport. 

A novel nucleoporin complex associated 
with Sec13p and a Sec13p homologue is required 
for nuclear membrane/nuclear pore biogenesis 
(S. Siniossoglou, B. Kosova & A. Segref) 

Another nucleoporin Nup84p, also isolated through the ge-
netic screen for nucleoporin interacting components, was 
studied in the laboratory. Nup84p exhibits homology to 
mammalian Nup107p and thus is evolutionarily conserved. 
Nup84p is found in a complex with 5 other proteins of 
which Nup120p, Nup85p, Sec13p and a Sec13p homologue 
(Seh1p) could be identified. Since Sec13p was originally 
characterized as a component of the COPII complex in 
yeast and involved in endoplasmic reticulum (ER) to Golgi 
transport (Pryer et aI., 1993), it is quite striking to find it also 
associated with nuclear pore proteins. When Sec13p-ProtA 
was isolated, the nucleoporins were still associated, but the 
major co-purifying band was Sec31p, a 150 kDa protein. 
As shown by biochemical means, Sec13p is present in two 
different complexes, in one with Sec31 p, and another one 
with nucleoporins. When the genes for NUP84, NUP85 or 
NUP120 were disrupted, striking defects in nuclear mem-
brane and NPC organization, as well as in poly(A)+ RNA 
export, were observed. In our working model, we discuss 
that the Nup84p complex together with Sec13p-type proteins 
coordinates nuclear membrane with nuclear pore biogenesis. 

Genetic interaction between nuclear pore 
proteins and components involved in pre-tRNA 
splicing, modHication and transport 
(G. Simos, K. Hellmuth & A. Segref) 

One synthetic lethal mutant derived from the genetic screen 
with thermo-sensitive Nsp1p was complemented by Los1p 
as well as Pus1p. Pus1p is localized inside the nucleus and 

22 

exhibits an intron-dependent tRNA pseudouridine synthase 
activity. Los1p which was previously shown to be required 
for efficient pre-tRNA splicing (Shen 8t a1., 1993) is found 
at the nuclear pores and functionally finked to several other 
components involved in tRNA biogenesis including Pus1p. 
When the biogenesis of functional tRNA was measured in 
vivo by a suppressor tRNA assay, the lost pust double 
mutant, but also several other nucleoporin mutants such 
as nsp1, nup116, nup133 and nup85, revealed a loss of 
suppressor tRNA activity. This shows that nuclear pore 
proteins are required for the biogenesis of functional tRNA, 
most rlkely by mediating export of tRNA from the nucleus to 
the cytoplasm. To further elucidate the role of Los 1 p, we were 
looking for Los1 p interacting components and found Arc1 p. 
A mutant harboring a disrupted ARC1 gene grows very 
slowly and concomitantly has a reduced methionyl-tRNA syn-
thetase activity. When a tagged version of Arc1 p was affinity-
purified, it was associated with two different aminoacyl-tRNA 
synthetases, methionyl-tRNA (MetRS) and glutamyl-tRNA 
synthetase (GluRS). If recombinant Arc1 p was added to 
purified monomeric MetRS, the affinity for tRNA was strongly 
increased and accordingly aminoacylation activity of MetRS 
was stimulated. As demonstrated by gel retardation and 
UV-crosslinking, Arc1 p is a tRNA binding protein. Arc1 p not 
only 10carIZes to the cytoplasm, but a Significant pool also 
is concentrated around the nuclear envelope. Thus, Arc1 p 
is a novel co-factor fortRNA aminoacylation which could be 
involved in the transport of tRNA from the nuclear envelope 
to aminoacyl-tRNA synthetases. 

Identification of factors which interact with FSFG 
and GLFG repeat sequences from nucleoporins 
(S. Bailer) 

Many nuclear pore proteins identified in yeast and higher eu-
karyotes possess domains composed of degenerate repeat 
sequences. Two classes of repeats can be distinguished, 
the FSFG- and the GLFG-type. Recently, it was found that 
nuclear import factors (karyopherin a and P) bind to the 
FSFG- but not to GLFG-repeat domains, thus mediating the 
docking of a karyophilic protein substrate (Rexach & Blobel. 
1995). To identify new transport factors specific for FSFG-
or GLFG-repeats, as well as to study the protein-protein 
interaction between individual repeat domains, the yeast 
2-hybrid system was applied. Repeat domains of Nsp1 p 
(FSFG-type), Nup116p and Nup49p (GLFG-type) were ex-
pressed as fusion proteins with the GAL4-DNA binding 
domain ("Baitj. Proteins interacting specifically with FSFG 
and GLFG-repeats will now be identified by co-expressing 
the uBait" with a library of yeast cDNA fused in frame to the 
GAL4-activation domain ("Preyj. 

The nucleolus 

Ribosomes assemble inside the nucleolus in a spatially and 
temporarily ordered fashion. We have shown in the past 
that the nucleolar protein Nop1 p is crucially involved in 
many steps during nbosome formation, most likely by having 
physical contact to many other nucleolar components. We 
are identifying these Nop1 p-interacting components to study 
their role in rRNA processing and ribosome assembly. 
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Nop56p is a nucleolar protein which physically 
and functionally interacts with NOP1 
(T. Gautier) 

A novel nucleolar protein Nop56p was identified by virtue of 
its genetic with Nop1p. Successive biochemical 
analysis showed that Nop56p also physically associates 
with Nop1 p in nearly stoichiometric amounts. When the 
processing pathway of pre-rRNA was analysed in a thermo-
sensitive mutant of NOP56 by pulse/chase experiments, 
rRNA maturation was impaired. We speculate that Nop56p is 
a snoRNA binding protein which tethers different snoRNPs, 
thus mediating the assembly of a pre-rRNA processing 
complex. Nop56p is also evolutionary conserved since a 
human homolog of Nop56p could be cloned. When human 
Nop56p was transiently expressed in HeLa cells, it was 
targeted to the nucleus and part of it also concentrated in 
small spots inside nucleoli which may correspond to the 
nucleolar dense fibrillar component (DFC) region. 

It is our long-term goal not only to study the role of nucleolar 
proteins for rRNA processing and ribosome assembly, but 
also how ribosomal subunits are finally exported from the 
nucleolus into the cytoplasm. It is our hope that some of 
the nucleoporin mutants which we are analysing in the 
laboratory, are also impaired in export of ribosomes. We 
therefore plan to develop new assays which should allow us 
to study transport of ribosomes through the NPC. This work 
and the continuation of other projects are currently continued 
at Heidelberg University, which is the new location of our 
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laboratory (Institute of Biochemistry I 1m Neuenheimer Feld 
328, 0-69120 Heidelberg, Germany. Fax: 06221- 54 43 69; 
E-mail: cg5@ix.urz.uni-heidelberg.de). since we moved out 
from the EMBL in October 1995. 
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Intermediate filament (IF) proteins represent a large family of 
coiled-coil molecules which self-assemble into characteristic 
10 nm filaments. IFs form radial networks in the cytoplasm, 
submembraneous assemblies lining the plasma membrane 
and fibrous lattices (nuclear lamina) underneath the inner nu-
clear membrane. It has been proposed that IFs are involved in 
diverse cellular functions such as the reversible disassembly 
of the nuclear envelope during mitosis and the modulation 
of cell surface architecture during cytodifferentiation. In ad-
dition, IFs have been considered to be core components 
of the cytoskeleton, supporting the cell against mechanical 
stress. How these elements act to carry out their presumed 
functions has been the sole objective of our studies in the 
past few years. To define the cellular functions of IFs, we 
found it necessary to study in detail the structural features 
of these polymers and the molecular interactions with other 
cellular elements. Some key findings and contributions of the 
group are summarized below. 

Contributions ofthe group 1990-1995 

Discovery of a new system of 
ceil-specific intermediate filaments 

In a series of studies, initiated in 1990, we have shown that 
differentiating fibre cells of the eye lens express specifically 
two new and structurally peculiar IF proteins, Filensin and 
Phakinin. The two polypeptides co-polymerize into filamen-
tous structures which form a fibrous layer underneath the 
plasma membrane. To fully characterize these lens-specific 
filaments, we cloned the corresponding subunits and per-
formed a series of in vitro assembly studies using recom-
binant proteins. It turns out that wild-type FilensinlPhakinin 
filaments have the typical subunit packing of ordinary IFs (i.e. 
about 32 chains per cross-section). However, the heteropoly-
meric filaments contain 15 nm beads which have never been 

seen in ordinary IFs. Based on the distribution of mass along 
native filaments (as measured by scanning transmission 
electron microscopy) and on other characteristics of the sub-
unit molecules, we were able to construct a model that may 
explain the substructure of lens-specific IFs. We proposed 
that the filaments in this model consist of an inner core com-
posed exclusively of Phakinin protofilaments and an outer 
shell which contains FilensinlPhakinin oligomers. We postu-
lated also that the beads on the surface of the lens IFs repre-
sent pairs of the tail domains of Filensin. This information fits 
well in situ data which indicate that native FilensinlPhakinin 
filaments, as visualized in sections of lens cells, are naturally 
beaded. 

In parallel, we investigated the role of specific structural 
domains of Filensin in partner recognition and heteropolymer 
formation. The results of this analysis indicated that the 
rod domain of Filensin is necessary and sufficient for the 
formation of co-polymers with Phakinin. The Filensin rod 
is naturally "truncated" and cannot support elongation of 
filensin homo-oligomers. However, this rod becomes "func-
tional" when combined with the "normal" rod of Phakinin. 
Interestingly, association of Phakinin with Filensin seems 
to counteract the tendency of the former protein to self-
assemble into thick bundles rather than IFs. 

Finally, in a series of transfection studies we have found that 
Filensin and Phakinin assemble de novo in non-lenticular 
cells and that in vivo assembly occurs either vectorially 
from nucleus or the plasma membrane, or along the sides 
of preexisting vimentin filaments. The sum of these results 
strongly suggest that the unique features of lens-specific IFs 
(e.g. their obligatorily heteropolymeric constitution, beaded 
appearance and membrane association) arise from the in-
trinsic properties of the subunit molecules and not from the 
influence of lens-specific factors. 
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Identification of the /amin B receptor complex 

Previous studies have shown that the nuclear lamins (i.e. 
the subunits of the nuclear lamina) are anchored to the inner 
nuclear membrane via integral membrane proteins. One such 
protein is the lamin B receptor (LBR, or p58). Immunoisola-
tion of LBR from bird erythrocyte Iysates revealed that this 
protein forms a tight, roughly stoichiometric complex with A 
and B type lam ins, a protein kinase which phosphorylates 
LBR and three other polypeptides termed p150, p34, and 
p18. In the last couple of years, we made significant progress 
characterizing most of the non-lam in components of the 
complex. It turns out that-the LBR kinase, now purified to 
homogeneity, phosphorylates specific serine-arginine (SR) 
motifs present in the N-terminal domain of LBA. These motifs 
are thought to represent protein-protein interaction sites in 
a variety of splicing factors and splicing factor-associated 
proteins. Consistent with this, we also found that avian p34 
is the homologue of the human nuclear protein p32 which is 
known to associate with splicing factor 2 (SF 2). In parallel, 
we characterized in detail the protein p18. This polypeptide 
behaves as a typical integral membrane protein and parti-
tions with the inner and outer nuclear membrane. The protein 
p18 binds directly to LBR and B-type lamins under in vitro 
conditions and shares sequence homology with components 
of the peripheral-type benzodiazepin receptors. The new 
information expands the horizons of our understanding and 
clearly suggests that the LBR complex is a macromolecular 
device that may couple the nuclear lamina and the inner 
nuclear membrane to regulatory factors involved in many 
aspects of nuclear metabolism. 

Clarifying the principles which govern 
post-mitotic nuclear envelope reassembly 

In 1991 we showed that A-type lamins associate specifically 
with polynucleosomes, suggesting an involvement of the 
karyoskeleton in chromatin anchorage to the nuclear enve-
lope and post-mitotic nuclear envelope reassembly. Another 
major step forward has been the finding that vesicles which 
represent fragments of the nuclear envelope contain LBR 
and B-type lamins in the form of a tight complex. 

To better understand the involvement of lamins in nuclear 
envelope reformation at the end of mitosis we have under-
taken a comprehensive study of nuclear reassembly using 
a combination of approaches. In one protocol, we have 
immunoisolated mitotic vesicles which contain B-type lamins 
and studied their properties in vitro. We found that such 
vesicles immobilized on magnetic beads could capture chro-
mosomes in a cytosol and phosphorylation-dependent man-
ner. Interestingly, stripping of the vesicles from lamins and 
other peripheral membrane proteins abolished their chromo-
some binding ability; however, cytosol- and phosphorylation-
dependent binding could be restored if the membranes 
were reconstituted with purified B-type lam ins. In contrast to 
mitotic vesicles, nuclear envelopes isolated from interphase 
cells and stripped of peripheral membrane proteins by urea 
extraction showed cytosol- and lamin-independent binding 
to chromosomes. These observations suggest that mitotic 
vesicles target to chromosomes in a lamin-dependent man-
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ner, whereas interphase nuclear membranes may associate 
with chromatin through non-lam in proteins. To further explore 
this problem, we used a new assay system established in 
the laboratory in 1993. More specifically, we showed that 
detergent-solubilized nuclear envelopes reconstituted into 
proteolipid vesicles exhibit high capacity, protease-sensitive 
binding to chromosomes. To test whether the Jamins are nec-

. essary for the binding of interphase nuclear membranes to 
chromosomes, we immunodepleted the system of lamins be-
fore reconstitution into vesicles using specific antibodies. Re-
constituted vesicles prepared from immunodepleted material 
showed substantial binding to chromosomes, reinforcing the 
idea that this interaction is lamin-independent Searching 
for non-lam in nuclear envelope proteins that may interact 
with chromatin, we focused our attention on LBA. Results 
obtained in the last year and a half suggest that purified LBR 
associates directly with native chromatin particles. 

Dues 

The group has officially terminated its activities at the end 
of 1995. Its group leader moved to a more friendly climate, 
joining the Faculty of Medicine of the University of Crete 
(an indisputably Greek territory!). Other members of the 
group flew away to Canada, France, Germany, Sweden, 
and the USA. Two members of the team, C. Maison and A. 
Pyrpasopoulou, will continue their work at EMBL for a while, 
thanks to the hospitality of the Cell Biology Programme. 
We wholeheartedly thank the other staff members for their 
support and encouragement in these six years. We kindly 
acknowledge Kai Simons, Gareth Griffiths, Bernard HofJack, 
lain Mattaj, Thomas Kreis, Carlos Dotti, John Tooze, Ed 
Hurt, Annalisa Pastore, Stephen Fuller, Doros Panayi, Mary 
Holmes and Konrad MOiler for their help and contributions to 
our work. 
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Regulation of membrane traffic in eukaryotic cells 

Group leader: M. Zeria! 

Fellows: K Alexandrov* , H. Goumier* , H. Horiuchi, R. Uppe*, L Martin-Parras, C. Murphy, M. Rubino*, V. Rybin*, O. Ullrich*, G. VdaIe, P. Zacchi 

Visitors: G. Astvatstouriants*, O. Bfykova*, C. Dobson*, H. Stenmark* 

Assistant: A. Giner 

Transport between organelles of the biosynthetic and en-
docytic pathway occurs with high fidelity and is mediated 
by the budding and fusion of vesicular carriers with their 
target compartments. The Rab family of small GTPases is an 
established element of the membrane transport machinery. 
Our group has identified and characterized several Rab 
proteins expressed in mammalian cells and in yeast. We 
have shown that Rab proteins are associated with specific 
intracellular compartments and demonstrated that they reg-
ulate distinct steps of intracellular transport, particularly at 
the stage of vesicle docking and/or fusion. Utilizing mutants 
in in vitro and in vivo studies we have explored the cycle 
of GTP binding and hydrolysis in the functional mechanism 
of Rab proteins. This year we succeeded in identifying a 
direct downstream effector of the small GTPase RabS (see 
below), thus providing substantial insights into the functional 
mechanism of these regulatory factors. 

Much information on the molecular mechanisms underlying 
the organization of membrane trafficking and cellular archi-
tecture can be gained by studying cell differentiation. We 
have focused on the specific features of epithelial cells and 
their polarization during embryonic development. Polarized 
epithelial cells require distinct apical and basolateral exocytic 
and endocytic transport pathways and an additional transcy-
totic route to link the two plasma membrane domains. To 
fulfil these specific requirements, additional components of 
the machinery regulating intracellular transport are thus nec-
essary compared to non-polarized cells. We are investigating 
this problem by focusing on the role played by Rab proteins 
in the endocytic and transcytotic pathway of epithelial cells. 

Membrane association and GDP/GTP exchange 
of RabS in endocytic membrane transport 
(H. Horiuchi, O. Ullrich & K. Alexandrov) 

Rab proteins are both cytosolic and membrane-bound. In 
the cytosol Rab proteins are complexed to Rab GOI (GOP 
dissociation inhibitor) which stabilizes the GOP-bound con-
formation. It is thought that Rab GOI couples the GTPIGOP 

cycle of Rab proteins to a cycle of membrane association and 
dissociation. Consistent with this model, Rab GOI extracts 
Rab proteins in the GOP-bound configuration from the mem-
brane. Using an in vitro assay we could demonstrate that 
Rab GOI can also mediate the membrane association of Rab 
proteins. This process does not require, but is followed by 
GOPIGTP exchange (Ullrich ataJ., 1994). In the case of newly 
synthesized Rab proteins, membrane association is instead 
mediated by the Rab escort protein (REP-1), the accessory 
component of Rab geranylgeranyltransferase, that itself acts 
as a specialized GOP dissociation inhibitor (Alexandrov et 
a/., 1994). To explain how Rab proteins may confer vectori-
ality to the vesicle docking/fusion process, previous models 
have proposed that membrane association and GOPIGTP 
exchange of Rab proteins occur on the donor compartment 
whereas GTP hydrolysis takes place on the acceptor mem-
brane. We have investigated whether RabS, which regulates 
the clathrin coated vesicle-mediated endocytic pathway, can 
directly associate with the membrane of clathrin coated vesi-
cles (CCV) purified from bovine brain in vitro. In collaboration 
with Bernard Hoflack we found that RabGOI can indeed 
deliver RabS to these vesicles. Furthermore, CCV contain 
a heat- and trypsin-sensitive activity which stimulates the 
dissociation of GOP from Rab5 but not from Rab7. The 
activity was found to be associated with the CCV membrane 
but not with the coat components and, most importantly, 
required the presence of Rab GO!. These results indicate that 
RabS can associate with the membrane of clathrin-coated 
vesicles. Since the GOI releasing and GOP/GTP exchange 
activities are membrane-bound and associated with transport 
vesicles, we propose that the membrane receptors of Rab 
proteins are not restricted to the donor compartment but cycle 
between this and the acceptor compartment. 

GTP hydrolysis by Rab5 in membrane fusion 
(H. Stenmark, O. Ullrich, V. Rybin & K. Alexandrov) 

Following membrane association Rab proteins are converted 
by nucleotide exchange into the GTP-bound active form. 
How does the GTPase activity of Rab proteins control the 
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membrane fusion process? To answer this question we 
set out to measure the kinetics of nucleotide triphosphate 
hydrolisis following the membrane binding of RabS. To this 
end, we engineered a mutant of RabS with altered nucleotide 
binding specificity. By analogy with the D138N mutant of 
elongation factor Tu, the RabSD136N mutant binds pref-
erentially xanthosine S' triphosphate and has low affinity 
for guanine nucleotides. The membrane-bound Rab5D136N 
protein can therefore be specifically labelled with [32p])<Tp 
and the hydrolysis of the nucleotide can be monitored in situ 
without the need to solubilize the membrane with detergents 
and immunoprecipitate the protein. Similar to the wild-type 
protein, prenylated RabS D136N was found to stimulate early 
endosome fusion in vitro. This activity depended upon the 
presence of XTP, thus showing that nucleotide exchange on 
RabS is required for membrane fusion. Nucleotide hydrol-
ysis by RabS occurred on the early endosome membrane 
even in the absence of cytosol, where endosome fusion 
is significantly reduced. In collaboration with the group of 
Roger Goody (Max-Planck Institute, Dortmund) we could 
specifically inhibit nucleotide hydrolysis by Rab5 in the pres-
ence of the non-hydrolysable analogue XTP')S. Under these 
conditions, Rab5D136N stimulated both the rate and the 
extent of early endosome fusion. Our studies reveal that, on 
the membrane, Rab5 undergoes a futile cycle of GTP (XTP) 
binding and hydrolysis, independently of membrane fusion. 
In addition, they clearly establish that nucleotide triphosphate 
hydrolysis by RabS is not required for membrane fusion. This 
conclusion is in perfect agreement with our previous data 
on the expression of RabSQ79L, a mutant with decreased 
intrinsic GTPase activity which stimulates homotypic early 
endosome fusion in vitro, and endocytosis in vivo (Stenmark 
et aI., 1994). These data illustrate basic differences in the 
GTPase cycle of Rab proteins compared to other families 
of GTPases (e.g. heterotrimeric G proteins, dynamin). We 
suggest that the timing of GTP hydrolysis, largely in-built in 
the structure of Rab GTPases, is responsible for regulating 
the kinetics of the membrane docking and fusion process 
and preventing prolonged activation of the GTPase. 

Identification of a RabS effector 
(H. Stenmark, G. Vitale, O. Ullrich, 
G. Astvatstouriants, O. Baykova & C. Dobson) 

We made use of the yeast two-hybrid system (Chien et aJ., 
1991) to search for downstream targets of the GTP-bound 
active form of RabS. For this purpose the screening was 
carried out with the activated mutant Rab5 Q79L. Yeast 
cells transformed with a human cDNA library were screened 
for the expression of both the auxotrophic reporter marker 
His3 and the independent reporter j3-galactosidase. A clone 
was isolated which interacts strongly with Rab5 Q79L, 
weakly with wt RabS but interacts neither with RabSS34N 
nor with other small GTPases, such as Rab4, Rab6 or 
Ras. This clone was found to encode a novel 100 kDa 
predicted coiled-coil protein, Rabaptin-5, which is both cy-
tosolic and membrane-bound. Rabaptin-S binds only the 
GTP-bound, active form of Rab5. In vivo, expression of the 
GTPase-deficient RabSQ79L mutant increases the binding 
of Rabaptin-S to enlarged endosomes. Over-expression of 
Rabaptin-S alone is sufficient to promote the expansion 
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of early endosomes. In vitro, RabS recruits Rabaptin-5 to 
purified early endosomes in a GTP-dependent manner while 
immunodepletion of Rabaptin-S from cytosol strongly inhibits 
RabS-dependent early endosome fusion. Rabaptin-S is thus 
the first example of a Rab protein effector whose membrane 
recruitment is required for docking and fusion. Rab proteins 
thus appear to share the functional properties of other mem-
bers of the Ras-superfamily of small GTPases that also act 
as regulatable membrane anchors for cytosorlC effectors. We 
are now in the process of characterizing the functional role 
of Rabaptin-S. Preliminary data indicate that this protein is 
one component of a multi-protein complex which is required 
for transport in the early endocytic pathway. 

Mammalian Rab5 isoforms 
(C. Bucci & A. Lrrtcke) 

We have previously isolated two partial cDNA clones highly 
related to RabS, called Rab5b and Rab5c. We have isolated 
the cDNA clones encoding full length RabSb and Rab5c 
and functionally characterized the two proteins. Both proteins 
share with RabS all the structural features required for regu-
lation of endocytosis (Stenmark et aI., 1994). To address the 
role of the three RabS proteins in mammalian cells we used 
a combination of approaches. We showed that the mRNAs 
for the three genes are expressed in all organs examined 
and that, by confocal immunofluorescence microscopy, the 
three isoforms colocalize at the level of plasma membrane 
and early endosomes. Moreover, functional studies in vitro 
and in vivo indicated that the three RabS isoforms have indis-
tinguishable roles in regUlating the early endocytic pathway. 
Rab5b and Rab5c colocalize with both transferrin receptor 
and RabS, stimulate the homotypic fusion between early 
endosomes in vitro and increase the rate of endocytosis 
when over-expressed in vivo. The results suggest that three 
RabS isoforms co-operate in the regulation of endocytosis in 
eukaryotic cells. 

Rab5 homologs on the endocytic pathway in 
Saccharomyces cerevislae 
(B. Singer-KrOger & H. Stenmark) 

A search for RabS homologs in yeast has resulted in the 
identification of three genes from Saccharomyces cerevisiae, 
YPT51, YPT52 and YPT53, encoding proteins with S2-54% 
identity to RabS. Mutant celfs disrupted for YPT51 alone or 
in combination with YPT52 and YPT53 exhibit defects in 
the endocyfic delivery to the vacuole, differential delay in 
growth and vacuolar protein maturation, partial missorting 
of a soluble vacuolar hydrolase, and alterations in vacuole 
acidification and morphology. Therefore, Ypt51p, Ypt52p, 
and Ypt53p appear to be required for both transport in 
the endocytic pathway and for correct sorting of vacuolar 
hydro lases. 

Work in mammalian cells and in yeast lend further support 
to the hypothesis that Ypt51 p acts primarily in the early en-
docytic pathway. Upon expression of Ypt51 p in mammalian 
celfs, the protein was targeted to Rab5-positive early enda-
somes and stimulated endocytosis. In yeast cells, Ypt51 p 



was found localized to an early endocytic compartment, 
but not with the Kex2p-positive late Golgi. Consistent with 
this observation, loss of Ypt51 P caused the accumulation of 
a-factor in an early endocytic intermediate. As in mammalian 
cells, larger Ypt51 p-positive structures were revealed upon 
expression of Ypt51 p Q66L in yeast. These structures were 
also positive for a-factor receptor and for carboxypeptidase Y. 
Collectively, these data suggest that Ypt51p resides on an 
endocytic organelle which lies at the convergence of the 
vacuolar biosynthetic and endocytic pathways. It seems clear 
that, as for the secretory pathway, the molecular regulation of 
the endocytic pathway is conserved from yeast to mammals. 

Sequential action of Rab proteins along the 
endocytic pathway 
(0. Ullrich, L. Martin-Parras & M. Rubino) 

Despite intensive efforts there is no general consensus on 
the organization of the endocytic pathway of eukaryotic 
cells. Clearly, the pathway consists of several compartments 
or sub-compartments, each characterized by a different 
subcellular location, morphological appearance, biochemical 
composition and physical properties. Membrane proteins, 
lipids and solutes internalized from the surface enter early en-
dosomes, a compartment consisting of vacuoles, cisternae 
and tubules. From early endosomes internalized molecules 
can be sorted to further stations along the endocytic pathway, 
late endosomes and Iysosomes, to be degraded. In addition, 
work by Maxfield and colleagues (Yamashiro et aI., 1984) 
and Hopkins (Hopkins et aI, 1994) has shown that some 
endocytosed receptors that reach the early endosomes and 
are sorted back to the plasma membrane such as transferrin 
receptor (TR) can also pass through a highly tubulated 
recycling compartment juxtaposed to the Golgi stack and 
the trans-Golgi network (TGN). Whether the recycling en-
dosome is continuous with the sorting endosome is not yet 
clear. The function of this compartment is also unknown. 
To address the molecular machinery that controls sorting in 
the endocytic pathway, we have investigated the distribution 
of various Rab proteins along the pathway. In collaboration 
with Robert Parton we have found that Rab11 is enriched in 
the para-Golgi recycling compartment, as determined by its 
high degree of colocalization with transferrin internalized for 
15-30 min. Expression of a Rab11 mutant predicted to be 
stabilized in the GOP-bound form, Rab11S25N, did neither 
affect the rate of endocytosis of transferrin, nor its recycling 
from the early endosomes, but significantly inhibited its 
recycling after transport to the recycling endosome. Our 
data suggest that Rab11 acts after Rab5 and regulates 
trafficking through the recycling endosome. The identification 
of Rab11 as a regulatory factor of this compartment should 
help understanding how trafficking in the recycling pathway 
is regulated at the molecular level. 

Rab proteins in polarized epithelial cells 
and in embryonic development 
(A. Lincke, C. Murphy, L Martin-Parras & P. Zacchi) 

Membrane traffic in polarized epithelial cells is regulated by 
distinct apical and basolateral machineries. For example, 

apical early endosomes can fuse with each other in vitro 
but not with the basolateral endosomes and vice versa 
The factors which selectively control epithelial cell-specific 
transport routes have not been identified. Given their estab-
lished role in regulating defined steps of vesicular transport, 
we have previously searched for Rab proteins specifically 
expressed in polarized epithelial cells. Rab17 was the first 
epithelial-specific Rab protein to be identified. For example in 
the developing kidney, Rab17 is absent from the mesenchy-
mal precursors but is induced upon their differentiation into 
polarized epithelial cells. The protein is associated with apical 
endocytic tubules. These structures may correspond to the 
compartment implicated in apical recycling and transcytosis 
in polarized Madin-Oarby canine kidney (MOCK) cells (Apo-
daca et aI., 1994; Barroso & Sztul, 1994). Interestingly, when 
expressed in non-polarized baby hamster kidney (BHK) cells, 
Rab17 is localized to the peri-nuclear recycling endosome. 

To test whether Rab17 plays a role in apical endocytosis, 
recycling and/or transcytosis, we have selected stably trans-
fected epithelial EpH4 cells derived from mouse mammary 
gland (Reichmann et aI., 1989) which express wild-type and 
mutant Rab17 proteins under the control of the interferon-
inducible Mx promoter. The effect of these proteins on the 
endocytic pathway is measured by following an Fc receptor-
LOL receptor chimera (FcL RS-27) which is endocytosed and 
transcytosed in both apical-to-basolateral and basolateral-
to-apical directions in MOCK cells (Matter et aI., 1992). A 
novel type of immunological assay based on electrochemil-
luminescence has been developed to follow the receptor 
trafficking (Yang et aI., 1994). This assay is characterized 
by high sensitivity, signal-to-noise ratio and reprodUCIbility. 
Preliminary results suggest that indeed Rab17 is localized 
to the transferrin receptor-positive apical recycling compart-
ment and that this protein regulates both the apical uptake 
and transcytosis of FcL RS-27 receptor. Rab18 and Rab20 
are also expressed in a tissue- and cell type-dependent 
manner. Both proteins are highly enriched on the apical 
side of kidney tubule epithelial cells. Interestingly, electron 
microscopic studies revealed that, similar to Rab17, Rab18 
and Rab20 are also located in apical dense tubules. We are 
now testing the hypothesis that Rab18 and Rab20 may play 
a role in apical endocytosis/recycling. Functional studies on 
Rab18 and Rab20 are carried out both in non-polarized and 
in polarized epithelial cells. 

IdentHicatlon of genes involved in the 
establishment of cell polarity 
(L. Martin-Parras & S. Jansson) 

Generation of cell polarity involves the concerted action 
of a number of factors involved in the regUlation of cy-
toskeleton organization and membrane trafficking. We have 
been interested in the developing metanephric kidney as an 
experimental system to study the conversion of non-polarized 
mesenchymal cells into polarized epithelial cells. For ex-
ample, Rab17 has been characterized on the basis of its 
induction during cell differentiation. Components regulating 
the function of Rab proteins as well as other elements of 
the transport machinery are also likely to be induced. We 
have therefore used a differential screening approach to 
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identify transcripts encoding factors potentially involved in 
the generation and maintainance of cell polarity. This project 
has been carried out in collaboration with the group of Kai 
Simons and with the group of Eero Lehtonen in Helsinki (S. 
Jansson). 

Epithelial differentiation of the nephrogenic mesenchyme can 
be reproduced in vitro by co-cultivation with the inducer 
tissue. This in vitro system gives one the opportunity to 
synchronize the differentiation of the mesenchymal cells. 
By using differential hybridization, we have identified three 
mRNA transcripts which are differentially expressed during 
the transition from meseru:hyme to epithelium. One, B104, 
encodes the B1 chain of laminin, a basement membrane 
protein which is expressed at the onset of cell polarization. 
Another, B8, is expressed in the epithelium but is downreg-
ulated in the adult kidney and encodes murine HMG17, a 
member of the high mobility group of chromosomal proteins 
that are implicated in chromatin regulation. Finally, B102 
is induced during mesenchyme 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 B102 
is also associated with the plasma membrane. We are in the 
process of studying the expression of these genes by in situ 
hybridization and to characterize the B102 protein. 
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Mechanisms of chromosome transmission 

Group leader: A.A. Hyman 
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Visitor: T. Ashford 

At mitosis, chromosomes bind to the microtubules of the mi-
totic spindle and by this interaction segregate into two equal 
masses of DNA. A cleavage funow then bisects the mitotic 
spindle separating the two masses of DNA into two daughter 
cells. We study the processes by which microtubules assem-
ble into a mitotic spindle segregate chromosomes at mitosis 
and stimulate cell cleavage, using S.cerevisiae and Xenopus 
/aevis. 

Analysis of the role of centromeres In 
chromosome segregation at mitosis 

Chromosomes interact with microtubules of the mitotic spin-
dle through kinetochores, sets of proteins that assemble onto 
the centromere, a defined region of DNA on the chromosome. 
We have taken two approaches to understanding the role 
of the centromere in chromosome segregation and mitotic 
spindle assembly. In collaboration with Eric Karsenti's group 
at EMBL, we examined whether centromeres are nec-
essaryfor spindle assembly in Xenopus cytoplasmic extracts. 
Using the system developed by Peter Becker's group at 
EMBL for the study of chromatin assembly, we have coupled 
non-centromere DNA to magnetic beads. When the beads 
are placed in the Xenopus extract, they act as artificial chro-
mosomes and assemble a mitotic spindle around them. Thus 
mitotic spindle assembly is not dependent on centromere 
function. More remarkably, the UartiflCial chromosomes- align 
on a metaphase plate. It is commonly thought that chromo-
somes align on the metaphase plate using centromeres, but 
it seems in this system metaphase can be achieved in the 
absence of centromeres suggesting that information present 
on the chromatin provides the balance of forces necessary 
to align chromosomes. We are investigating what features of 
chromatin provide this information. 

We asked whether spindles assembled in the absence of 
centromeres could segregate their DNA by triggering the 
onset of anaphase. While the spindles performed anaphase 
B, chromosomes did not move to the poles, confirming that 
while centromeres are not required for spindle assembly, 
they are required for the events necessary for chromosome 
segregation. We are using this system as an assay to identify 
centromere sequences in Xenopus. 
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To investigate how centromeres segregate chromosomes 
at mitosis, we are investigating the mechanisms by which 
centromeres from the yeast S.cenwisiae interact with micro-
tubules. The centromere of compiex eukaryotes can be 2-1 0 
Megabases and a similarly complex kinetochore assembles 
onto it. By contrast, the centromere of the yeast S.cerevisiae 
is only 128 bp long, suggesting that a complete elucidation 
of the structure and function may be possible. We have 
estabI"lShed an in vitro assay with which we have separated 
the DNA from the microtubule binding components of the 
kinetochore. To understand the mechanisms of segregation, 
we are trying to identify the proteins involved in kinetochore 
binding to microtubules. To understand the regulation of 
chromosome segregation, we are investigating the regulation 
of binding by phosphatases and kinases. 

KinetDcho,." pro.lns 

This year we have put considerable effort into purification 
of the microtubule binding components with limited success. 
To understand the problems we have developed new assays 
which examine the interaction of kinetochores with dynamic 
microtubules, as opposed to taxol stabilized microtubules 
in the original assay. These assays have demonstrated 
that (1) yeast kinetochores assembled in vitro follow the 
shrinking ends of microtubules and contain a plus end motor 
which moves towards the growing ends; and (2) binding 
of kinetochores to dynamic microtubules is dependent on 
known motors. Multipie binding factors may explain the 
problems in purification. 

Kinetochore regulation 

We have set up assays which examine the cell cycle 
regulation of kinetochore activity. Using these assays we 
have determined when kinetochore activity comes on dur-
ing the cell cycle and are investigating which cyclin-CDC2 
complex is responsible for kinetochore activation. We have 
demonstrated that the S.cerevisiae type 1 phosphatase is 
required for activation of microtubule binding to kinetochores, 
explaining the requirement for PP1 in progression through 
mitosis. We are investigating whether cell cycle regulation of 
kinetochore activity is due to changes in PP1 activity. 



Role of GTP hydrolysis in regulation 
of microtubule dynamics 

We are investigating the mechanisms by which GTP hy-
drolysis destabilizes the microtubule lattice. Using a non-
hydrolyzeable analogue of GTP, GMPCPp, we have pre-
viously shown that GTP hydrolysis changes the structure 
of the tubulin subunit. This year we have investigated in 
what way this structural change destablizes microtubules. 
When microtubules grow, the protofilaments at the end 
of the tube form a relatively straight sheet. When they 
shrink, the protofilaments are coiled. We have considered 
the possibility that GTP hy,drolysis curls the tubulin subunits, 
making the protofilaments tend to curl away from microtubule, 
thus destabilizing the lattice. Using conditions which cause 
depolymerization of GMPCPP microtubules without hydrol-
ysis, we have measured the curvature of protofilaments at 
the ends of hydrolyzed GTP and non-hydrolyzed GMPCPP 
microtubules. We have shown that the ends of the radius 
of curvature of protofilaments from GMPCPP microtubules 
is 113 that compared with protofilaments containing hy-
drolyzed GTP. These results strongly suggest that hydrolysis 
of GTP changes the curvature of the protofilaments by 
changing the structure of the subunit, thus destabilizing the 
lattice. 

Mechanisms of cytokinesis studied in Xenopus 

We would like to understand the mechanisms by which 
microtubule stimulate cleavage of cells at mitosis. One of 
the key events controlled by microtubules is accumulation 
of actin into the cortex. To investigate the biochemistry 
of actin accumulation at the cortex, we have developed 
an in vitro preparation of isolated cortices. Using lectins 
and magnetic beads we can isolate cortical pieces and 
put them in and retrieve them from cytoplasmic extracts 
of Xenopus. We have looked for a defined switch for actin 
accumulation at the cortex in vivo which we can reconstitute 
in vitro. We have investigated in more detail the role of rho 
in actin accumulation at the cortex. Cleavage is inhibited 

by injection of 03, an inhibitor of ADP ribosylation of rho. 
Cortical contraction is stimulated by injection of Val14 rho, a 
dominantly active form. By staining sections of injected eggs 
with rhodamine phalloidin to visualize F actin, we show that 
actin is removed from cortex in the presence of 03, but actin 
recruitment is strongly stimulated in the presence of Val14 
rho. Therefore rho is central to the signalling pathway which 

. directs actin to and from the cortex during cleavage. We 
are investigating whether we can mimic the recruitment of 
actin in a rho-dependent manner onto these isolated pieces 
of cortex from extracts. We have further shown that while 
actin accumulation is blocked at the cytokinetic furrow, new 
membrane is still inserted at the correct place. Thus the 
signal from the spindle to the cleavage furrow is still intact in 
the absence of rho, demonstrating the existence of another 
signalling pathway in specification of the cytokinetic furrow. 
We are investigating which signalling pathways could be 
involved. 
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In the last years our laboratory has been interested in the 
charaderization of the pathways underlying the formation 
and maintenance of the axonal and dendritic plasma mem-
brane. For this purpose we use hippocampal neurons in 
culture obtained from 17-18 day old rat embryos. These 
cells constitute a reasonably homogeneous population of 
neuronal cells, mostly pyramidal neurons which develop mor-
phologically and fundionally distind axons and dendrites. 

Axonogenesis 
(F. Bradke) 

In early experiments (Dotti et al., 198B) we showed that 
few hours after plating embryonic hippocampal neurons 
appear as round cells without any processes (stage 1). later, 
several short processes arise, all with similar morphological 
charaderistics (stage 2). After a variable interval, one of 
these short processes elongates and the cell presents a 
polarized asped with one major and several minor processes 
(stage 3). The longer process, if undisturbed, will constitute 
the axon whereas the minor processes will become den-
drites. H the process destined to become the axon is cut, 
one of the minor processes can elongate and become the 
axon (Dotti and Banker, 1987). Thus, although the cells at 
this stage of development are polarized, this polarization is 
still not fixed and a process destined to become the axon 
can become a dendrite and vice versa. We are currently 
analysing the changes in intracellular dynamics that take 
place during axonogenesis as well as looking for the possible 
molecular changes responsible for the irreversibility of this 
phenomenon. 

Sorting of viral glycoproteins 
(A. Cid-Arregui) 

We are analysing how newly synthesized membrane proteins 
are sorted to the axonal and dendritic plasma membrane 
using the same experimental approach utilized to study 
membrane biogenesis in epithelial cells. Fully polarized 
synaptically active hippocampal cells are infeded with RNA 
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viruses and the distribution and processing of the viral 
glycoproteins are analysed by light and eledron microscopy. 
Early work showed that upon infedion with the vesicular 
stomatitis virus (VSV), the viral glycoprotein G was localized 
to the dendritic plasma membrane, whereas infedion with 
fowl plague virus (FPV) led to the axonal delivery of the 
glycoprotein haemagglutinin (HA). This vedorial delivery 
of newly synthesized viral glycoproteins probably reflects 
the divergent pathway followed by endogenous membrane 
proteins, like neurotransmitter receptors or synaptic vesi-
cle proteins. To gain further insight into the mechanisms 
responsible for this polarized delivery we have examined 
the effed of nocodazole and brefeldin A (BFA), which are 
known to cause microtubule depolymerization and inhibition 
of transport through the Golgi apparatus, respectively. Noco-
dazole treatment blocked transport of the viral proteins to 
both axons and dendrites whereas BFA treatment induced 
disruption of the Golgi complex but the delivery of the SFV 
and HA glycoproteins to the cell surface was not affeded 
significantly. However, the polarized sorting of these proteins 
was abolished by BFA. Since neither glycoprotein is sorted 
at early developmental stages, i.e. stage 3 cells (see above) 
which have morphologically identifiable axon and dendrites, 
we are currently interested in analysing the mechanisms 
underlying the maturation of the sorting pathway. 

Sorting and processing of APP 
(B. de Strooper, P. Tienari & M. Simons) 

APP is the precursor of the .BA4-amyloid peptide, the main 
component of the amyloid plaques in the cortices of patients 
affeded by the neurodegenerative Alzheimer's disease. APP 
is a membrane glycoprotein with a large N-terminal extra-
cytoplasmic domain and a short, 47-residue long, cytoplas-
mic tail. The cytoplasmic tails of all the isoforms are identical 
in strudure and have a NPXY endocytosis signal. This motif 
is responsible for the basolateral targeting of holo-APP in 
epithelial cells. A second basolateral sorting signal seems 
to be present in the edoltransmembrane domain. Because 
of the relevance of this protein in neuronal physiology and 
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Semliki Forest virus was used to c1ef1Vef wild-type and mutant forms 
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pathology we are studying the sorting and processing of 
wild-type APP and sorting mutants of APP previously char-
acterized in Madin-Darby canine kidney (MDCK) cens. Upon 
expression in hippocampal neurons, the human form of 
APP (APP695) is delivered to the axon. Neurons secrete 
two forms of APP695, which differ in sialic acid content 
and in their kinetical appearance in the culture medium. 
In addition, neurons produce large amounts of the f3A4-
peptide apart from neurons of the peripheral nervous system. 
Altogether five cleavage sites within APP were identified 
by radiosequence analysis. A heterogeneous set of 8 kDa 
C-terminal fragments containing amino termini at Leu 17, 
Gin 15 and Glu 11, respectively, _ were isolated from the cen 
Iysates, suggesting that a-cleavage occurred at three sites. In 
contrast to many other cells, high amounts of f3A4 containing 
C-terminal fragments (10-12 kDa) were found in the cen 
lysate. Based on the observation that mature hippocampal 
neurons when expressing human APP produce two po-
tentially amyloidogenic fragments and secrete substantial 
amounts of jJA4, our results strengthen the hypothesis that 
neurons play a central role in the process of fjA4 deposition 
in cases of Alzheimer'S disease and aged primates. More-
over, our data document the unusual sorting behaviour of 
APP in hippocampal neurons, and suggest unique mecha-
nisms involved in its axonal targeting in the central nervous 
system. 

The neuronal transcytotic pathway 
(M. de Hoop, A Hemar & A Cid-Arrequi) 

In epithelia transcytosis is used to transport ligands from the 
basolateral milieu to the apical or lumenal medium. Thus, 
one could predict that dendro-axonal transcytosis in neuronal 
cells is used to transport ligands from the dendritic to the 
axonal milieu. If this route indeed exists, it would represent a 
novel non electrical mode of communication between these 
two domains. One of the best characterized transcytosed 
molecules is the polymeric immunoglobulin receptor (pIgR) 
and its associated ligand IgA. When expressed in epithelial 
kidney cells, the receptor is first shuttled from the Golgi appa-
ratus to the basolateral surface. From there, independent of 
the presence of ligand, the receptor is carried into submem-
branous early endosomes and delivered to the apical surface, 
via vesicular carriers, where it undergoes cleavage and 
release into the apical medium. Experiments in our laboratory 
introducing plgR into neuronal cells using the SemJiki Forest 
virus expression vector showed that the receptor is delivered 
in a polarized fashion to the dendritic surface. Addition of 
IgA increased the movement of the receptor to the axonal 
surface. By labelling surface-exposed plgR in live neuronal 
cells, we could also show the internalization of the receptor 
from the dendritic plasma membrane to the dendritic early 
endosomes, the movement of the receptor from the dendritic 
to the axonal domain, the inhibition of this movement by BFA 
and its stimulation by the activation of protein kinase C (PKC) 
via phorbol myristate acetate (PMA). We also show that a 
mutant form of the receptor, Jacking the epithelial basolateral 
sorting signal, is directly delivered to the axonal domain of 
hippocampal neurons. Although this mutant is internalized 
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into early endosomes, no transcytosiscould be observed. We 
have recently discovered endogenous ligands following the 
same dendro-axonal pathway. By first identifying transcytosis 
specific constituents it is our long term goal to demonstrate 
the role of transcytosis in neuronal physiology. 
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Research in our laboratory is directed towards the char-
acterization of the elements that build up and control the 
function of the microtubule organising centres (MTOCs) in 
higher eukaryotes. Our work is largely based on Drosophila 
melanogaster because it provides a good eukaryotic model 
for cell biology studies, is an excellent system for genetic 
analysis, and is amenable to molecular biology and cytolog-
ical techniques. 

The main MTOC in proliferating cells is the centrosome, 
the subcellular organelle responsible for the organisation of 
the interphase microtubular network and the mitotic spindle. 
Indeed, the bipolar nature of the spindle itself, which provides 
the physical basis for chromosome segregation is dependent 
upon the duplication and segregation of the centrosome. But 
MTOCs are not restricted to proliferating cells. Terminally 
differentiated cells also have complex microtubular networks, 
which play a major role in the differentiation process, and 
which are organised by MTOCs. These MTOCs, although 
morphologically different from classical centrosomes shear 
many features in common with them. 

Our long-term goal is the identification and characterization 
of the gene products which are required for the function of 
the different MTOCs found in Drosophila At the moment, we 
are focusing our efforts on two projects: the molecular and 
genetic analysis of r-tubulin, and the identification of new 
centrosomal components. 

Molecular and genetiC analysis of the 
Drosophila y-tubulines. 

r-tubulin is a new tubulin isoform that unlike the a and f3 
isoforms is mainly found in MTOCs where it plays a major 
role in microtubule polymerisation. It has been shown to 
be very well conserved trough evolution. There are two 
r-tubulin genes in Drosophila which encode very similar 
polypeptides, but show very different patterns of expression. 
Whilst the polypeptide encoded by the r-tubulin gene located 
in 23C is essentially ubiquitous, the expression of the second 

r-tubulin isoform, encoded by the gene located at 37C, is 
largely restricted to the female germ line and early stages 
of development. These observations open the questions of 
whether these two gene products are functionally compatible 
and why they have evolved such different developmental 
regulation. 

We are addressing these points by performing a molecular 
and genetic analysis of the Drosophila r-tubulin genes. 
Last year we showed that the polypeptide encoded by the 
r-tubulin gene located in 23C provides an essential function 
which is required for microtubule stability as well as for proper 
centrosome structure. During this year we have managed to 
identify a series of mutants of the 37C isoform. We are now 
carrying out a detailed analysis to determine the phenotypic 
consequences of mutations in this gene from which we 
hope to find out the similarities and differences between the 
functions performed by these two polypeptides. 

We are also studying the functional divergence between 
the two r-tubulin isoforms by molecular analysis. We are 
now in the process of producing flies in which each of the 
r-tubulin genes will be ectopically expressed to mimic the 
pattern of the other one, thus offering a way to determine 
the extent to which they can substitute each other. We have 
already cloned the genomic regions which contain the coding 
sequences of both genes together with all the regulatory 
elements required for their expression and are now preparing 
chimeric constructs by swapping the coding and regulatory 
regions of these two genes. These constructs will soon 
be introduced into flies by germ-line, P-element mediated 
transformation. 

At the same time we are carrying out an analysis to iden-
tify the functional domains within these proteins which are 
involved in their targeting to the centrosome, centrosome 
structure and microtubule polymerisation. To this aim we plan 
to study the subcellular localisation and the effects upon 
mitosis of a series of truncated versions of each r-tubulin 
which will be expressed, in transgenic flies, under the control 
of inducible promoters. 
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Searching for other components of 
the Drosophila centrosome. 

So far, only a few components of this highly complex or-
ganelle have been identified. Thus the justification for the 
other major project which we are carrying out in our labora-
tory: the search for new gene products required for centro-
some function. To this aim we are following complementary 
approaches based on genetic analysis and molecular biology 
techniques. 

The first approach consists in the identification of new mu-
tants in which centrosome function is disrupted. During this 
year we have screened a collection of P-element induced 
mutants (made in Anne Ephrussfs laboratory, at EMBL) and 
identified a number of them which, on the basis of their 
cytological phenotypes, we believe disrupt genes required 
for centrosome function. The mapping, molecular cloning, 
and sequencing of the genomic regions flanking the point 
of insertion of the P-element of all these genes is being 
carried out at this moment. We now plan to perform a 
detailed cytological analysis of the mutant phenotypes by 
confocal microscopy of whole-mounted tissues following im-
munostaining with different antibodies against centrosomal 
components. 

The second approach that we are using to identify new 
centrosomal components takes advantage ofthe high degree 
of evolutionary conservation shown by some of the ones 
that have been previously characterized. This is the case of 
centrin and pericentrin, two centrosomal markers which have 
been shown to have homologues in very distant organisms. 
We are now carrying out different molecular screenings 
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based on sequence conservation to identify the Drosophila 
melanogaster homologues of these two genes. In addition 
we are carrying out a screening of antibodies which identify 
centrosomal components in other organisms in the hope 
that some of them will identify the corresponding Drosophila 
homologue. Two of the antibodies tested so far cross-react 
with Drosophila centrosomes. We hope to be able to use 
these antibodies to clone and characterize the Drosophila 
homologue of these genes. In addition, this will allow us to 
perform a replacement of the Drosophila gene with engi-
neered versions of the vertebrate counterpart, thus opening 
the way for refined functional in vivo assays of proteins 
isolated from systems less amenable than Drosophila to 
genetic analysis. 
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Resident enzymes of the endoplasmic reticulum (ER) and 
the Golgi apparatus carry out two distinct functions. One 
is to mediate post-translational modifications of transported 
proteins and lipids, the other is to function in the structural 
maintenance of the organelle in which they reside. Our inter-
est is mainly to study the compartmentalisation of resident 
enzymes and their relationship to organelle structure. We 
have so far identified signals in both ER and Golgi enzymes 
which ensure their correct localization and we are currently 
trying to assess the mechanism whereby these signals op-
erate. The possibility that compartmentalisation of enzymes 
is a regulated event is also addressed. This is particularly 
interesting since both the ER and the Golgi apparatus are 
dynamic organelles. The techniques used in this work range 
from biochemistry, molecular biology, yeast genetics as well 
as morphological studies by confocal imaging and electron 
microscopy. 

Mapping the distribution of enzymes 
across the exocytic pathway 

The exocytic pathway has been dissected morphological/y, 
biochemically and genetically to produce a model consisting 
of a series of sub-compartments, each arranged in a vectorial 
manner reflecting the route taken by proteins transported 
through the pathway. The transport in this model is carried 
out by carrier vesicles which bud from one compartment and 
fuse with the next. Indeed, much data in the literature favours 
this view. However, there exist alternative models which are 
worth mentioning and these are: (1) transport through tubular 
connections between adjacent compartments and (2) cister-
nal maturation. In the former, transported proteins find their 
way to their destinations by diffusion through the pathway and 
it is here envisaged that each "compartment" is connected 
to another via tubes. There exists morphological evidence 
for such tubes although no functional data to show that 
these are involved in transport. The latter, termed "cisternal 
maturation-, uses the"compartment- as a transport carrier. 
Transport vesicles are used here to move modifying enzymes 
in a retrograde fashion to the next emerging compartment. 
This is easiest envisaged in the Golgi apparatus where each 
cisternae would be a transport carrier. The perhaps most 
striking example of this can be found in algae where scale 
formation is seen as a gradient through the Golgi apparatus. 
These scales are too large to enter transport vesicles. 

To help dissect the exocytic pathway and to distinguish 
between the above models for transport, we feel that it is 
important to map the distribution of resident enzymes along 
the pathway. This is done by expressing epitope-tagged 
versions of enzymes in stable cell lines. We use Hela cells 
as a model system since the Golgi apparatus in these cells 
is relatively homogenous,both in terms of size as well as 
in number of cisternae per stack. By performing immuno 
gold labelling of frozen sections, we have demonstrated 
that each compartment (cisterna) contains a unique mixture 
of enzymes rather than a specific set. This finding is fully 
compatible with any of the above transport models but 
importantly. increases the likelyhood for cisternal maturation. 

The mapping project helps us to better define the com-
partments of the exocytic pathway. It also stresses the 
need to clarify what we mean when we call something 
a compartment. Morphological, biochemical or genetical 
criteria of the ·same- compartment differ significantly (see 
Rabouille & Nilsson, 1995, for further discussion) and this is 
particularly important when designing in vitro assays to study 
functional aspects of the exocytic pathway and perhaps also 
the endocytic pathway. 

Elucidating the structural role 
exerted by resident enzymes 

About five years ago, it became apparent that resident 
enzymes of the Golgi apparatus were held in place by 
information contained within their membrane spanning do-
mains. Several models were postulated to help explain how 
a membrane spanning domain could exerts such retention 
and one of these argued that this domain participates in 
the formation of oligomeric structures. Such structures would 
contain different enzymes as well as other resident proteins 
and these would serve both as a device to maintain the 
distribution of residents but also to maintain the structure 
of the compartments in which they reside. For example, 
enzymes of the medial cisternae have been shown to form 
hetero oligomeric structures which have a structural role. 
We are now examining these oligomers in detail. Oligomeric 
structures containing medial enzymes can be isolated from 
purified membranes based on their detergent insolubility. In 
collaboration with Keith Ashman and Tony Houthaeve in the 
group of Matthias Mann, we are currently determining the 
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identity of each one of the components in this complex. 
This provides us with new proteins which can be tested for 
their ability to form oligomeric structures, in vivo. This assay 
tests the ability of one protein to retain another in the ER. A 
medial enzyme such as N-acetylglucosaminyltransferase I, 
is modified to express an ER sorting signal which confines it 
to the ER. As a result of lateral interaction, other components 
of the medial cisternae accumulate in the ER as well. 

Elucidating the regulation of oligomeric structures 

Both the ER and the Golgi apparatus are highly dynamic 
structures which can disassemble and reform depending on 
the stage of the cell cycle. This suggests that components 
such as glycosylation enzymes are modulated in their ability 
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to mediate structure. Phosphorylation offers such a means 
of modulation and we are currently examining this possibility. 
This also includes attempts to identify relevant kinases and 
phospatases mediating this process. 

In conclusion, the exocytic pathway remains one of the most 
challenging areas in cell biology, both in terms of its functional 

, as well as its structural organisation. The two aspects, most 
likely interconnected, are the subjects of study in our group 
and we hope that we will learn more about how the cell 
organizes and maintains compartments within the cell. 
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Role of the a.ctin cytoskeleton in vira.l infection 

Group leader: M. W8:j 

Fellow: S. Higley* 

Visitor: A. McGough* 

Assistant: I. Reckmann* 

A key mechanism in the virulence of any cellular pathogen 
is its ability to move from cell to cell to facilitate the spread 
of infection. Both the intra and inter-cellular movement of 
pathogens will require interactions and modifications of the 
host cytoskeleton. However, the role of the cytoskeleton 
during viral infection is poorly understood. We are therefore 
interested in viral-actin interactions and in particular the role 
of actin in the release of virus particles from the cell. 

Vaccinia virus a model system for 
actin based motility of viruses 

During the initial stages of vaccinia infection, a large pro-
portion of cellular actin filaments disappear (Meyer et aI., 
1981). These changes are virally induced, as inhibition of 
viral protein synthesis prevents actin filament loss (Meyer 
et a/., 1981). Three to four hours after infection, viral as-
sembly occurs in specialized regions, called factories, that 
are anchored specifically to the actin cytoskeleton (Hiller et 
a/., 1981). In latter stages of the infection cycle, there is a 
viral-induced assembly of large actin bundles and specialized 
microvilli at the cell surface (Stokes, 1976; Hiller et al., 1979). 

In collaboration with the laboratory of Gareth Griffiths we rex-
amined the relationship between vaccinia virus and the actin 
cytoskeleton (Cudmore et al., 1995). Using a combination of 
mutant and drug studies we have shown that the intracellular 
enveloped form of vaccinia virus is capable of inducing the 
formation of actin tails that are strikingly similar to those 
seen in Listeria, Shigella and Rickettsia infections. Analysis 
in the video microscope reveals that single viral particles 
are propelled in vivo on the tip of actin tails, at a speed of 
2.811.m/min. Upon contact with the cell surface virus particles 
extend outwards on actin projections at a similar rate, to 
contact and infect neighbouring cells. Given the similarities 
between the motility of vaccinia virus and bacterial pathogens 
we suggest that intra-cellular pathogens have developed a 
common mechanism to exploit the actin cytoskeleton as a 
means to facilitate their direct cell to cell spread. We are 
currently continuing to extend our studies to identify host and 
viral proteins involved in formation and dynamics of actin tails 
to obtain a complete understanding of the role of actin in the 
vaccinia infection cycle. 

PLATE 8 

Two vaccinia virus particles (white) projecting from the cell surface 
on actin tails (grey). 
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Differentiation Programme => cell Regulation Programme 

Developmental Biology Programme 

Introduction 

Higher organisms consist of a large number of cell types 
which have to interact in a coordinated and interdependent 
fashion for the organism to develop, to function, and to survive 
in a changing environment. An important prerequisite for this 
cross-talk is the cell's ability to receive information and to re-
spond appropriately, in a process called signal transduction. 
This necessitates the transmission of the signal from the cell 
surface to the nucleus and involves a number of different 
pathways that can act in parallel or in series. In the past few 
years our understanding of signal transduction pathways has 
dramatically expanded. The grand scheme of a few prototypic 
pathways are now understood. Thus we can account for the 
relay of, for example, a growth factor signal from the cell 
surface, via specific protein kinase cascades, to the nucleus, 
modulating the activity of a number of transcription factors 
that in turn control the expression of particular sets of genes 
responsible for specific growth or differentiation programmes. 
Our department continues to investigate molecular mech-
anisms of signal transduction. As more and more details 
of the various signal transduction pathways are becoming 
apparent, new questions are being asked: What controls 
the delicate equilibrium between cell growth, quiescence, 
differentiation and programmed cell death? How is specificity 
achieved within a given pathway and how is the intensity of a 
signal modulated? How are cell fates and tissue boundaries 
defined during pattern formation in development? What is 
the role of specific growth factors and their receptors during 
embryogenesis and organogenesis? 

These and similar questions are being addressed using a 
combination of biochemical and genetic approaches in a 
few model organisms. For example, the question of how 
the activity of cytoplasmic tyrosine kinases, key enzymes 
in signal transduction is controlled, is addressed in the 

fission yeast model. A newly arrived group leader, Angel 
Nebreda, studies maturation of the frog oocyte to investigate 
how growth and differentiation-related signal transduction 
pathways intersect with the cell-cycle machinery on the one 
side and stress-activated pathways on the other. Bohmann's 
group studies the question how diverse signals integrate 
in the nucleus to modify the activity and stability of key 
transcription factors, using both fruit flies and mammalian 
tissue culture in a combined genetical and biochemical 
approach. To study the establishment and maintenance of 
the complex network of the mouse nervous system Klein's 
laboratory is inactivating genes coding for tyrosine kinase 
receptors by homologous recombination and analysing the 
resulting phenotypes. The groups of Zeller and Graf as 
well as the groups of MlocIzik and Cohen - who together 
with Ephrussi's group estabflsh since mid-1995 the core of 
the new Developmental Biology Programme - are trying 
to understand how multipotent precursor cells decide to 
differentiate into one or another cell type and how they 
form defined tissue patterns. This involves the study of 
invertebrate systems (eye and appendage development in 
Drosophila) as well as vertebrate systems (haematopoiesis 
and limb development in chicks and mice). Capitalizing on the 
power of Drosophila genetics Ephrussrs group investigates 
the mechanism by which germ cells become determined 
early in development. 

Much of the excitement of the work in the Programme 
stems from the realization that the same basic principles 
are employed over and over in diverse biological settings 
and in different organisms, typically involving evolutionary 
conserved genes. The discovery of these principles might 
eventually result in finding more intelligent cures to diverse 
diseases, including cancer. 
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Mechanisms of decision-making during differentiation of multipotent haematopoietic progenitors 

Group leader: T. Graf 

Scientists: J. Frampton, G. Superti-Furga 
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Assistants: G. Doederlein, K JOnsson, I. Petterson* , H. Tekotte 

The haematopoietic system is uniquely suited to the study 
of molecular mechanisms that underly decision-making pro-
cesses 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 
for these studies, however, is the scarcity and short life-
span of the early precursors. To circumvent this problem 
we use oncogene-containing avian retroviruses which ef-
ficiently transform haematopoietic cells in culture and in-
duce leukaemia in animals. This allows the production of 
large numbers of homogeneous, precursor-type cells whose 
properties can be analysed before and after inactivating the 
oncogene which drives their proliferation. As a model, we are 
studying the E26 leukaemia 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" (Graf 
et aI., 1992) which can differentiate into four distinct cell types 
(thrombocytes, eosinophils, myeloblasts and erythrocytes). 
In the following, different approaches are described which 
address the question how Myb-Ets transformed progenitors 
are committed to differentiate along a particular lineage. 

The decision of MEPs to differentiate into 
either eosinophils or myeloblasts is modulated 
by the relative levels of PKC activity 
(F. Rossi & K. McNagny) . 

In previous work we have shown that MEPs can be induced to 
differentiate into ·either eosinophils or myeloblasts if the cells 
are superinfected with retroviruses that encode oncoproteins 
which are constitutive activators of the Ras-signalling path-
way. Differentiation along the same lineages can also be 
induced by treatment of MEPs with the phorbolester PMA. 
Interestingly, high concentrations of PMA (100 nM) induce 
the formation of predominantly myeJoblasts while lower con-
centrations (20 nM) induce predominantly eosinophils (Graf 
et al., 1992). We have now investigated the role of protein 
kinase C (PKC) in this process and found that 100 nM PMA, 
but not 20 nM, dramatically down-regulates total cellular PKC 
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activity, indicating that high PMA concentrations result in less 
efficient signalling than lower concentrations. Consistent with 
these findings is the observation that treatment of MEPs 
with very low PMA concentrations (1 nM), which presumably 
only moderately activate PKC, also induce predominantly 
myeloid differentiation. This suggests the existence of two 
PKC thresholds which influence the probability of a cell 
to differentiate along either the eosinophilic or the myeloid 
lineage (Plate 9). To further test the model, constructs 
encoding the a,- and E-PKC isoforms were engineered and 
overexpressed in E26-transformed progenitors. These cells 
were found to differentiate along the myelomonocytic lineage 
even in the absence of PMA. In contrast, treatment of 
these overexpressors with concentrations of PMA ranging 
from as low as 10 nM to as high as 100 nM led to the 
differentiation of predominantly eosinophils, a result which 
can be explained by the failure of PMA to down-regulate 
the exogenous PKC. No differences were found between 
the a,- and e-PKC isoforms. These results are consistent 
with the two-threshold model (Plate 9). According to this 
model different levels of PKC activity result in three different 
phenotypes: (i) no PKC activity maintains the progenitor 
phenotype; (ii) low PKC activity favours myelomonocytic 
differentiation, and (iii) high PKC activity favours eosinophil 
differentiation. Our observations may reflect a physiological 
Signalling mechanism whereby activation of a cell surface 
receptor by an unknown ligand induces lineage commitment 
of MEPs. The observed PKC dosage effect might mimic the 
strength of this signalling event (or the combined effect of 
signalling by more than one receptor) thereby determining 
whether a cell is likely to differentiate along one or another 
lineage. 

Role of protein interactions In the commitment of MEPs 
(F. Rossi, J. Frampton, M. Sieweke & C. Nerlov) 

A second approach to study lineage commitment of MEPs 
is to exploit mutations within the Myb-Ets fusion protein that 
modulate the differentiation potential of MEPs. An indication 
that lineage commitment of MEPs is modulated by mutations 



within Myb-Ets comes from a comparison of two types of 
experiments. In the first type of experiment MEPs were trans-
formed with an E26 mutant (ts1.1) with a lesion in Ets which 
abolishes its DNA binding capacity at the non-permissive 
temperature (42°C). When ts1.1 transformed MEPs were 
shifted to 42°C, the block of differentiation was relieved and 
the cells differentiated into predominantly erythrocytes, but 
also into eosinophils and myeloblasts (Kraut et aI., 1994). 
In contrast, when Ets was removed completely, using an in-
ducible site-specific recombinase, MEPs differentiated again 
into erythrocytes but neither into eosinophils nor myeloblasts. 
This suggests that commitment along the eosinophil and 
myeloid lineages requires. a function of Ets other than its 
ability to bind to DNA, such as the interaction with another 
protein. We have indeed identified proteins that specifically 
interact with Ets (see below) and are currently analysing their 
possible role in lineage commitment 
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PLATE 9 

Role of PKC in lineage determination of MEP cells: !he threshold 
model. Different PMA concentrations (nM, horizontal axis) elicit 
different levels of PKC activity (filled circles). Depending on whether 
PKC activity levels exceed a lower threshold (T1) or a higher thresh-
old (T2. indicated as grey lines) myeloid or eosinophil differentiation 
is favoured. This is represented in the upper part of the plates where 
small arrows indicate low probability and large arrows indicate high 
probabifity of differentiation. 

Additional genetic evidence also suggests an involvement of 
Myb in eosinophil commitment of MEPs • In an earlier study 
aimed at probing the structure and function of the Myb DNA 
binding domain (Frampton et aI., 1991) we have constructed 
a mutant, TMDN, that has a substitution of 4 amino-acids in 
helix 2 of the second repeat of the DNA binding domain. We 
have now found that MEPs transformed by this mutant have 

. lost the option to differentiate along the eosinophmc lineage 
following treatment with PMA. As the TMDN mutation does 
not weaken specific DNA binding this observation suggests 
that the mutant alters an interaction with a protein required for 
commitment along the eosinophil lineage. We are currently 
screening the TMDN Myb protein in comparison to wild-type 
Myb in a yeast two hybrid interaction assay in an attempt to 
identify a specific interaction partner. 

MafB inhibits erythroid differentiation 
by the repression of Ets-mediated activation 
of the tranferrin receptor 
(M.Sieweke, H. Tekotte & L.Kelly) 

The studies described above suggested that the Ets and 
probably Myb domains of the fusion protein interacts with 
other proteins. In addition, earlier studies had indicated that 
DNA binding capacity of c-Ets-1 is regulated (Lim et aI., 
1991). We therefore searched for c-Bs-1 protein interactions 
in haematopoietic cells, employing a yeast one hybrid screen. 
One of the clones isolated encodes MatS, an AP-1 (Jun-
Fos) related bZiptranscription factor. Coimmunoprecipitation 
assays confirmed that the two proteins also interact in 
vertebrate cells, with their DNA binding domains forming the 
interaction surface • 

To explore the biological significance of this interaction 
we studied the· effect of MafS on the regulation of the 
transferrin receptor gene, which is under the control of an 
Ets-responsive promoter. MatS was found to repress specif-
ically the Ets-1 mediated transactivation of this promotor 
in transient cotransfection assays, and led to decreased 
levels of TfR mRNA and protein in stably transfected cells. 
Erythroid cells require vastly increased levels of iron to 
synthesize haemoglobin and therefore also express high 
levels of TfR. Since it has been demonstrated that inhibition 
of TfR function blocks the differentiation of erythroblasts, we 
examined whether the observed MafS-mediated repression 
of Ets-1 activity on the TfR also resulted in an inhibition 
of differentiation. Indeed, erythroblasts overexpressing MafS 
showed a dramatically decreased ability to differentiate into 
erythrocytes compared to control clones. 

Northern blot analyses revealed that within the haematopoi-
etic system MafS is only expressed in cells of the myelomono-
cytic lineage, with increasing levels during maturation. This 
expression pattern inversely correlates with that ot the TfR 
gene, which is high in erythroblasts and progenitor cells but 
low in myeloid cells and decreases further during maturation. 
Since Ets-1 is expressed both in the erythroid and the myeloid 
lineage, it is therefore possible that MatS contributes to 
the establishment and maintenance of the myelomonocytic 
phenotype by acting as a safeguard against inappropriate 
activation of erythroid genes by Ets-1. We are currently ex-
ploringthis possibility by inactivating MafS in myelomonocytic 
cells with the help of dominant negative alleles. 
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Analysis of an eosinophil specific promoter 
(K. McNagny, G. Doderlein, C. Nerlov & H. Kulessa) 

Our studies indicate that lineage commitment of MEPs is 
ultimately determined by the combinatorial interplay between 
a set of critical transcription factors. In support of this notion is 
our observation that the transition of MEPs into eosinophils 
cannot only be triggered by the activation of the RAS and 
PKC signally pathways but also by forced expression of 
CIEBP (Muller et a/., 1995). This bZip-type transcription fac-
tor is normally expressed in eosinophils and in myelomono-
cytic cells but not in MEPs and becomes rapidly activated 
following PMA treatment of suggesting that it plays a 
role in lineage commitment. In another set of experiments we 
were able to demonstrate that overexpression in myeloid cells 
of GATA-1, a Zn finger-type transcription factor expressed in 
MEPs and eosinophils but not in myeloid cells, leads to a 
transdifferentiation of these cells into either eosinophils or 
MEPs, with a concomitant up-regulation of c-myb (Kulessa 
et al., 1995). In these two sets of studies we have used 
EOS 47, a cell surface antigen identified as melanotransferrin 
(McNagny at al., 1996), as an exquisitely specific marker of 
eosinophil differentiation. 

To unravel the decision making process leading to eosinophil 
formation we decided to employ a bottom-up approach 
consisting in the characterization of the EOS 47 promoter. 
The final aim of this approach is to identify the combination 
of transcription factors which is critical in determining the 
formation of eosinophils. An analysis of the upstream region 
of the EOS 47 promoter revealed a stretch of about 300 
nucleotides which contain consensus binding sites for Myb, 
CIEBP and Ets. These sites, which are conserved between 
birds and mammals, confer responsiveness of the promoter 
to c-Myb, CIEBP and c-Ets-1. In addition, we also found 
that these transcription factors synergize, in that maximal 
activation was obtained when all three were expressed in 
the same cells. Finally, we have identified a non-conserved 
GATA-1 binding site downstream of the EOS 47 start site 
whose role we are currently analysing. A preliminary conclu-
sion from these results is that the combinatorial interaction 
of c-Myb, CIEBp, c-Ets-1 and possibly GATA-1 is responsible 
for eosinophil specific gene expression. 

Regulation of the Src and Abl protein tyrOSine kinases 
(G. Superti-Furga, M. Moro, J. Walkenhorst & K. Jonsson) 

Tyrosine phosphorylation exerts a pivotal role in cell regu-
lation processes of higher eukaryotes. Tight control of the 
activity of protein tyrosine kinases is crucial for ordered 
phosphorylation to occur. We would like to understand the 
mechanisms of regulation of some prototypical protein tyro-
sine kinases of the non-receptor type and to identify their 
regulators in the vertebrate cell. 

Src 

Chicken c-Src is the first cellular protein tyrosine kinase 
described and has been studied extensively over the years. 
N-terminal of its catalytic domain, Src has two small modular 
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domains capable of protein-protein interactions called SH2 
and SH3 domain and a poorly understood region at the very 
N-terminus called ·unique" domain. Activity of the cellular Src 
enzyme is mainly regulated by phosphorylation. An important 
negative regulatory tyrosine lies at the end of the catalytic 
domain (Tyr527). Phosphorylation of this residue by the 
Csk tyrosine kinase represses the activity of Src at least 
ten-fold. In the active configuration, Src is phosphorylated 
(through autophosphorylation) at another residue in the 
heart of the catalytic·domain (Tyr416). Using an assay that 
we have developed in fission yeast, Schizosaccharomyces 
pomba, we have studied the structures of Src necessary 
for activity and regulation. We have found that the SH2 and 
the SH3 domain participate in regulation of Src activity by 
undergoing intramolecular interactions with Tyr527 at the 
C-terminus and with an as yet unidentified portion of Src. 
The unique domain and Tyr416, the autophosphorylation 
site, are not involved in this type of regulation. On the other 
hand, we found that Tyr416 is absolutely required for activity 
in yeast. When expressed in S.pombe, Src causes massive 
phosphorylation of endogenous proteins and induces a lethal 
phenotype. We have screened human cDNA libraries for 
clones able to counteract this phenotype. We isolated the 
Csk tyrosine kinase and three protein tyrosine phosphatases. 
While all three tyrosine phosphatases antagonise Src by 
dephosphorylating Src substrates, one of them appears 
to also dephosphorylate Tyr416 efficiently, inactivating Src 
enzymatic activity. 

Abl 

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 to Src is that Abl does not 
contain the C-terminal regulatory tyrosine, but instead has a 
big C-terminal domain encoded by a single exon (last exon 
domain). The activity of c-Abi is tightly regulated in verte-
brate cells. Several mutations can activate Abl and convert 
it into an oncogene. In man, chromosomal translocations 
result in fusion proteins associated with chronic myelogenous 
leukemias and some acute lymphocytic leukemias. Deletion 
of the SH3 domain activates AbI and renders it oncogenic, 
indicating that the SH3 domain exerts an inhibitory function. 
To study c-Abl activity in a cellular environment likely to 
lack specific regUlators, we have expressed human c-Abl in 
S.pombe the same way as we did with Src. c-AbJ causes 
growth arrest followed by death of the cells. Mutations in 
the SH2 domain or in the auto phosphorylation site (Tyr412) 
dramatically reduce the ability of Abl to confer the growth 
arrest phenotype and to phosphorylate endogenous proteins, 
suggesting a fundamental role of these structures in the 
activity of the enzyme. An SH3 domain deletion mutant 
of Abl is as active as c-Abi in yeast indicating that there 
is no intrinsic regulation of c-Abi occurring via the SH3 
domain. It also suggests that the inhibitory effect of the 
SH3 domain observed in vertebrate cells is mediated by a 
factor that is absent in yeast. We have used this assay to 
functionally screen a human cDNA library for molecules able 
to counteract the lethal effect of human c-Abl expression. 
We have identified several clones and are in the process of 
characterizing them. 



SH3 

6 
SH2 

INACTIVE 

Publications during the year 

Casini, T. & Graf, T. (1995). Bicistronic retroviral vector 
reveals capacity of v-ErbA to induce erythroleukemia and 
to cooperate with v-Myb. Oncogene. 11, 1019-1026 

Erpel, T., Superti-Furga, G. & Courtneidge, SA (1995). Mu-
tational analysis of the Src SH3 domain: the same residues 
of the ligand binding surface are important for intra-and 
intermolecular interactions. EMBOJ., 14, 963-975 

Frampton, J., McNagny, K., Sieweke, M., Philip, A., Smith, 
G. & Graf, T. (1995). v-Myb DNA binding is required to 
block thrombocytic differentiation of Myb-Ets-transformed 
multipotent haematopoieticprogenitors. EMBOJ., 14, 2866-
2875 

Huber, M.C., Graf, T., Sippel, A.E. & Bonifer, C. (1995). 
Dynamic changes in the chromatin of the chicken lysozyme 
gene domain during differentiation of multipotent progenitors 
to macrophages. DNA Cell BioL, 14, 397-402 

Koegl, M., Courtneidge, SA & Superti-Furga, G. (1995). 
Structural requirements for the efficient regulation of the Src 
protein tyrosine kinase by Csk. Oncogene, 11, 2317-2329 

Kraut, N., Frampton, J. & Grat, T. (1995). Rem-1, a putative 
direct target gene ot the Myb-Ets fusion oncoprotein in 
haematopoietic progenitors, is a member of the recoverin 
family. Oncogene, 10,1027-1036 

Kulessa, H., Frampton, J. & Graf, T. (1995). GATA-1 re-
programs avian myelomonocytic cell lines into eosinophils, 
thromboblasts and erythroblasts. Genes & Dev., 9, 1250-
1262 

MOiler, C., Kowenz-Leutz, E., Grieser-Ade, S., Graf, T. 
& Leutz, A. (1995). NF-M (chicken CIEBPP) induces 
eosinophilic differentiation and apoptosis in a hematopoietic 
progenitor cell line. EMBO J., 14, 6127-6135 

Src 

ACTIVE 

Abl 

PLATE 10 

Cartoon showing inactive and active forms of the 
Src (top) and AbI (bottom) protein tyrosine ki-
nases. The SH3 domain of both Src and AbI play 
a role in the negative regulation of the enzymes, 
albeit in different ways. The SH3 domain of Src 
undergoes an in1ramolecular interaction with an-
other part of arc (here shown as the "small· lobe 
of the kinase domain). This interaction is con-
comitant with the interaction of phosphorylated 
Tyr527 with the SH2 domain. For convenience, 
the unique domain of Src is not shown. In the 
case of AbI, the SH3 domain interacts with a 
different protein, the "inhibitor", in a manner lhat is 
independent of the phosphorylation state of Abl. 
The AbI "inhibitor" is thought to interact also with 
a cflfferent part of AbI, possibly with the last axon 

:::,::}r"",il,n anellor with the kinase domain. SLttsmall 
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The biology of signal-dependent transcription regulation 

Group leader: D. Bohmann 

Scientist A.G. Papavassiliou 

Fellows: A. lsaksson, D. Jackson*, L Kockel, A.-M. Musti, A.F. PeveraJi, J. Zeitlinger* 

Assistants: P. Plastina*, LM. Staszewski 

Despite of more than a decade of intensive and tremendously 
fruitful research on the topic, we are still far from a com-
prehensive 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 un-
derstand and eventually counteract pathological aberrations, 
as in cancer and numerous other diseases. 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 for its biological 
context, Le. the organism and its environment. The ability 
of cells to respond to external signals with 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 signal transduction cascades 
in the recipient cell. The nuclear components of these signal 
transduction pathways 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. c.Jun is a paradigm 
for signal-responsive transcription factors. Research on Jun 
has yielded much information about signal transduction 
processes that can elicit signal-induced changes of gene 
expression. A lot has been learnt 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 where 
the function of Jun in complex biological processes such as 
development or cancer is concerned. It can be assumed that 
specific biological effects that Jun mediates in the organism 
are the result of an interplay of many factors and regulatory 
inputs. A molecular description of these more complex levels 
of gene regulation wiJI be invaluable for our understanding of 
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the function and development of the organism. Such a de-
scription can only be achieved by a multi-pronged approach 
that combines biochemistry, molecular biology, and genetics. 
We have undertaken such an approach to analyse specific 
aspects of the biology of Jun. 

Phosphorylation 

The control of c.Jun activity by growth factors or stress 
involves induced changes of the phosphorylation state of 
the protein which modulate its function as a transcription 
factor. We have studied the molecular details of this process. 
Combining results from mutagenesis, phosphate mapping, 
and DNA-binding experiments, we propose a model that 
involves a series of phosphorylation and dephosphorylation 
events leading to c.Jun activation and ultimately enhanced 
transcription of target genes. Interestingly, these phosphory-
lations are not independently regulated but influence each 
other in an "intra molecular signalling systemD • 

Ubiquitination 

The half-life of a transcription factor evidently has a direct 
impact on its abundance and activity in the cell. We have 
started to elucidate the molecular mechanism that deter-
mines the short half-life of c.Jun. We showed that c.Jun is 
multi-ubiquitinated in vivo and that this multi-ubiquitination 
serves as a degradation signal (plate 11). Interestingly, in 
v.Jun, the transforming version of c.Jun, an essential ubiqui-
tination signal is deleted. Consequently, multi-ubiquitination 
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-transformation. More recently, 
we investigated the question whether the ubiquitination and 
thus the stability of c..Jun is regulated by extracellular sig-
na/s. We found that signal-induced phosphorylation by MAP 
kinase-type enzymes interferes with c.Jun ubiquitination and 



PLATE 11 

Ubiquitin-c:lependent degradation of C>Jun. 
C-Jun is a substrate for mulli-ubiquitination in vitro. The N-terminally 
located ck10main serves as a cis-acting ubiquitination signal, proba-

bly by contacting a component of the ubiquitination machinery (Ub). 
SUbsequently, c-Jun becomes multiply ubiquitinated which triggers 
its breakdown. 

Degradation 

IJun Homodimer I I Ubiquitin Conjugate I I Degradation Productsl I Free Ubiquitinl 

counteracts the degradation of the protein. In this way c.Jun 
seems to become transiently stabilized in response to MAPK 
signalling. These results also offer new insight into cell trans-
formation by oncogenes such as ras. We could 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. 

Drosophila Jun and neuronal differentiation 

It has long been suggested that Jun and its partner molecule 
Fos are involved in the function and differentiation of neu-
rons. The developing eye of Drosophila melanogaster is an 
excellent model system to study neuronal differentiation pro-
cesses. In collaboration with Marek Mlodzik we investigated 
a potential· participation of Jun in the process. Indeed, Jun 
was found to be expressed in those cells of the imaginal 
disc that undergo neuronal differentiation to become pho-
toreceptor cells. Using transgenic flies that express dominant 
negative and gain-of-function mutants it was shown that Jun 
acts as a downstream effector of the Sevenless tyrosine 
kinase which confers neuronal photoreceptor identity to 
imaginal disc cells (Plate 12). Genetic studies showed that 
the Sevenless signal is relayed to Jun by the Drosophila 
MAP kinase Rolled. Through biochemical experiments we 
have established that the activation of Drosophila Jun by 
Rolled involves a direct phosphorylation of the transcription 
factor by the kinase on three specific, evolutionary conserved 
residues. Our data indicate that the phosphorylation of Jun 
by Rolled triggers neuronal differentiation in photoreceptor 
precursor cells of the eye imaginal disc. The studies on 
Drosophila Jun have provided new molecular insight into 
Drosophila eye development and, in addition, offered a 
powerful genetic approach to study the function of Jun 
in the organism. Taking advantage of these possibilities, 
we have now initiated a genetic screen for modifiers of a 
Jun-induced mutant eye phenotype, in which we hope to 
identify relevant target genes of Jun as well as interacting 
regulatory proteins. 

BOII8 R8 

R7 

Cytoplasm 

.,.----- ...... / , ,.., 
, Nucleus ." p " , 

,,' I " 1*' " \ J 
'" " , TaJg8t gene , ... , 

... _----"",--
PLATE 12 

Neurogenic signalling In the Drosophila eye 

Neuronal differentiation of the R7 photoreceptor precursor cell is 
initiated by the Boss signal displayed on the neighbouring AS cell. 
Upon binding of Boss to its receptor Sevenless, a signalling cascade 
is triggered that involves the adapter protein Drk, the GDP-GTP 
exchange factor SOS, the GTP-binding protein Ras, the kinases 
Raf, DSor, and Rolled (rI), and the 14-3-3 protein. The resulting 
phosphorylation of Jun and Pointed augments their transcriptional 
potential and causes the synergistic activation of common target 
genes which may be involved in the neuronal differentiation process. 
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Regulatory interactions between Jun and 
Ets-family transcription factors 

An important question about which the field of signal trans-
duction is still painfully ignorant relates to the specificity 
of biological responses. The activation of, for example, a 
receptor tyrosine kinase or Ras can trigger rather diverse 
responses depending on something that is vaguely described 
as the "cellular context". This context may in part be defined 
by the transcription factors present in the target cell and 
their potential regulatory interactions. We have begun to 
analyse the regulatory interplay of two transcription factors, 
Drosophila Jun and the Ets factor Pointed, that seem both 
to be involved in governing a defined biological response 
to Ras signalling, namely phoJoreceptor differentiation. In 
collaboration with the Mlodzik group we showed, using fly 
and tissue culture experiments, that Jun and Pointed interact 
by synergistically activating common target genes. These 
studies provide insight into the mechanisms of combinatorial 
gene activation in vivo and may help to address questions 
about the specificity of biological responses to intracellular 
signalling and transcription factor activation. 
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One of the major questions in embryonic development is how 
cells become committed and develop into specialised cell 
types. Undetermined embryonic cells acquire their identities 
by responding to inducers, morphogens or direct cell-to-cell 
signalling. Previous studies showed that the limb deformity 
(Id) and FGF gene products play important roles in these 
determinative processes. Interestingly, our recent genetic 
studies revealed that ld proteins participate in regulation of 
FGF expression during limb pattern formation (see below). 
We mostly use mouse genetics to investigate the roles of 
both ld and FGF-2 proteins during development. Our genetic 
and embryological studies are complemented by biochemical 
approaches aiming to identify functionally important protein 
domains and specifically interacting molecules. 

The Ld proteins are essential for establishment 
of the SHHlFGF-4 feedback loop and regulation of 
5' HoxD genes during limb patterning 

Previous studies (Zeller et aI., 1989) have shown that muta-
tions of the murine Id gene disrupt differentiation of the apical 
ectodermal ridge (AER) and formation of distal limb struc-
tures (autopod). However, initial limb bud outgrowth is not 
affected, which suggested that early and late AER functions 
are uncoupled. Recently, several other molecules regulating 
limb morphogenesis have been identified (reviewed by Tickle 
& Eichele, 1994). Therefore, possible interactions with such 
regulatory molecules were studied to understand the molec-
ular nature of the Id phenotype and place the ld proteins in 
these pathways. These studies showed that activation of 5' 
members of the HoxD gene cluster (Hoxd-11 to Hoxd-13) 
is not affected' in Id mutant limb buds, but subsequent 
anteriorization of their expression domains is significantly 
delayed. This delay provides a molecular explanation for 
the observed defects in autopod patterning. Furthermore, 
expression of the Sonic hedgehog (Shh) signalling molecule 
is initiated normally in the posterior limb bud mesenchyme but 
ceases prematurely. This decrease is paralleled by a marked 
reduction in Signalling from Id mutant polarizing region cells. 
These results indicated a defect in maintenance of Shh (and 
polarizing activity) by the Id mutant AER. Indeed, Fgf-4 is not 
expressed by the Id mutant AER, whereas Fgf-8 transcripts 

are present. Furthermore, Shh expression could be rescued 
by of Id mutant posterior mesenchyme 
under a wild-type chicken AER. These studies show that the 
AER defect causes disruption of the FGF-4ISHH feedback 
loop and indicates that the ld proteins either are part of, 
or function upstream of, this feedback loop. We are now 
analysing the function of Id gene products in formation 
and function of the AER and distal limb structures by re-
expressing wild-type ld proteins in limb buds of Id mutant 
embryos using both AER (Plate 13; in collaboration with 
R. Maxson and G. Martin) or mesenchyme specific promoter 
elements. 

PLATE 13 

Expression of a Msx-Iacz transgene specifically in the apical ec-
todermal ridges (AER) in limb buds of an embryo (embryonic drlJ 
10.5) 
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The Ld proteins interact specifically with 
Src family kinases 

Genetic analysis of Id mutant embryos revealed an inter-
action of Ld proteins with signalling pathways during limb 
pattern formation. Ld proteins contain a proline-rich domain 
and Ren at aJ. (1993) showed that a proline-rich peptide 
derived from this domain bound in vitro to the SH3 domain of 
the c-Abi kinase. We have conducted a more extensive study 
and established that the complete Ld proteins interact more 
specifically with SH3 domains of Src family tyrosine kinases 
(Src and Fyn), whereas they bind weakly to the c-Abi and 
other types of SH3 domains. This interaction is mediated 
by the proline-rich Ld domain and the hydrophobic patch of 
the SH3 domain. Experiments using transfected cells show 
that Ld-Src protein complexes form in vivo. Interestingly, Ld 
proteins are not subjected to tyrosine phosphorylation by 
Src. However, it is possible that interaction of nuclear Ld 
proteins with Src family members (probably during mitosis) 
affects their activity and/or sub-cellular localization. These 
studies identify the first functional domain of the Ld proteins 
and suggest direct interactions of Ld proteins with signal 
transduction cascades. 

A role for nuclear Ld proteins 
during embryogenesis? 

Expression of the nuclear Ld proteins during gastrulation 
and in many developing meso- and ectodermal structures 
(for details see De la Pompa et a/., 1995) suggest roles 
for these proteins in morphogenetic processes other than 
limb pattern formation. In fact, all known Id alleles could 
be hypomorphic mutations because truncated Ld proteins 
are still present in Id homozygous embryos. The Ld proteins 
belong to a novel gene family that share a highly conserved 
carboxy-terminal domain in addition to their proline-rich do-
main (see e.g. Emmons et aJ., 1995). The molecular and 
embryological functions of this carboxy-terminal domain are 
unknown, therefore we are currently inactivating this domain 
by homologous recombination in mice. Most importantly, a 
loss-of-function Id mutation will enable us to further study 
the roles of Ld proteins during vertebrate embryogenesis. 

The roles of FGF-2 signalling molecules 
during embryonic pattern formation 

Fibroblast growth factors are signalling molecules involved in 
various determinative steps during pattern formation. During 
limb morphogenesis several FGFs are activated sequen-
tially and seem to fulfil distinct functions during limb bud 
outgrowth and patterning. Our previous studies established 
that FGF-2 proteins are initially expressed specifically by 
the presumptive limb mesenchymal cells during initiation of 
limb bud outgrowth. These results together with studies by 
Cohn et aJ. (1995) suggest that FGF-2 proteins function 
during initiation of limb bud formation. The distribution of 
FGF-2 proteins during gastrulation and in other embryonic 
structures also suggests roles in their morphogenesis. Using 
homologous recombination, we have inactivated the murine 
FGF-2 gene to understand its essential functions. All three 
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coding exons were isolated and a construct deleting the first 
coding exon was used for gene targeting. Five heterozygous 
ES-cell clones were obtained and three used to create 
chimeric mice (in collaboration with the EMBL transgenic 
core facility). Germ-line transmission has been obtained 
and homozygous embryos are being generated to study 
the phenotypic consequences of abolishing FGF-2 signalling 
during embryogenesis. 

Nuclear FGF-2 isoforms: IdentHication of a 
nuclear signal and an interacting protein 

Previous studies showed that FGF-2 proteins are nuclear in 
few specific cell types during gastrulation and organogenesis 
(Dono & Zeller, 1994). Furthermore, FGF-2 proteins are 
present in nuclei of most cultured cells and evidence has 
been obtained that nuclear FGPs function during initiation 
of cell proliferation. To understand the regulation of nu-
clear accumulation, we have attempted to identify signals 
important for nuclear accumulation. An initial experiment 
showed that of the three FGF-2 isoforms synthesized by 
alternative translation initiation, only the larger two accumu-
late preferentially in nuclei. In contrast, the smallest FGF-2 
isoform distributes evenly between nucleus and cytoplasm. 
Expression of different FGF-2 domains fused to pyruvate 
kinase in cultured cells showed that the signal necessary 
for nuclear accumulation is localized in the amino-terminal 
domain of the large FGF-2 protein isoforms. Experiments 
using cultured fibroblasts indicate that preferential nuclear 
accumulation is indeed dependent on an arginine-glycine 
repeat present in the amino-terminal extension. Further-
more, these experiments also provided some evidence for 
differential functions of large and small FGF-2 isoforms. To 
understand the molecular roles of nuclear FGF-2 proteins, 
a biochemical study to identify interacting proteins has been 
initiated. Initial results showed that FGF-2 proteins interact 
specifically with a 36 kDa protein (p36) present in nuclei of 
embryonic fibroblasts. This protein has been purified by its 
affinity to recombinant FGF-2 protein and its sequence is 
currently being determined (in collaboration with Matthias 
Mann, EMBL). It is quite possible that p36 is mediating 
nuclearfunctions of FGF-2 proteins and ongoing biochemical 
studies together with a genetic analysis in mouse embryos 
should enable us to understand the mysterious functions of 
nuclear FGPs. 
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Protein-tyrosine kinase receptors are important components of the 
signal transduction machinery controlling cell growth., differentiation 
and survival. This is best illustrated by the fact that a great number 
of the genes encoding tyrosine kinase receptors have originally been 
isolated as activated oncogenes either after transduction by 
retroviruses or after genomic recombinations in human tumors. More 
recently, tyrosine kinase receptors have also been shown to play an 
important role in embryonic development. 

The Trk family of neurotrophin receptors 
During development of the vertebrate nervous system, many 

peripheral neurons depend for their survival on neurotrophins 
synthesized by the tissues that they innervate. In vitro, the effects of 



neurotrophins are mediated by the Trk family of receptor tyrosine 
kinases. To analyse in vivo the function of neurotrophins and their 
receptors, we had generated germline-targeted mice that are 
deficient _in either of the three Trk receptors, namely TrkA, TrkB, 
and TrkC (Klein, 1994). One of the important outcomes of these 
studies was that sensory neurons subserving different functions 
require different Trk signalling pathways for their survival. Thus, 
neurotrophin dependence was modality specific. For instance, 
sensory neurons mediating pain and temperature require the TrkA 
receptor and its physiological ligand, nerve growth factor (NGF), for 
survival. Instead, sensory neurons mediating proprioception, the 
sense of limb position in space, require the TrkC receptor and its 
physiological ligand, neurotrophin-3 (NT3) for survival. In 
collaboration with T. Scbimmang, F. Giraldez and]. Represa, we have 
performed a detailed analysiS of inner ear sensory neurons 
(Schimmang et al., 1995). We found that most sensory neurons 
innervating the cochlea and therefore responsible for mediating 
hearing were dependent on functional TrkC receptors (Figure 1). A 
subset of these neurons, those that modulate and thereby control the 
quality of hearing, required TrkB receptors and its ligand brain-
derived neurotrophic factor (BDNF). The opposite situation was found 
in the vestibular system, which gives us the sense of balance. Here, 
most sensory neurons required TrkB receptors and a small 
population required TrkC receptors for survival. 

Analysis of functional redundancy between neurotrophin 
Signalling pathways 

Since the expression patterns of Trk receptors overlap in many 
areas of the nervous system, we generated double mutant mice to 
determine, if Trk receptors were functionally redundant in the 
structures in which they are co-expressed. Analysis of the central 
nervous system revealed that the development of certain neuron 
populations, such as cerebellar Purkinje cells, hippocampal granule 
cells and thalamic neurons, was only affected in double mutant, but 
not single mutant animals. These studies have been extended, but so 
far not been published. In the peripheral nervous system, the 



defects observed in double compared to single mutant mice were 
largely additive, suggesting that peripheral neurons develop 
independently from each other, express a single Trk receptor species 
and depend on this Trk signalling pathway at some time point during 
development. However, in the inner ear TrkB and TrkC receptors 
were found to genetically interact. Reduced levels of one receptor in 
heterozygous mutant mice could be compensated by functional 
alleles of the second receptor (Minichiello et al., 1995). We 
postulated that this interaction was indirect and did not require co-
expression or sequential expression of Trk receptors in the same cell 
(Figure 2). Instead, it appears as if both receptors interact, because 
both TrkB- and TrkC-dependent inner ear neurons depend on the 
same target for supply of survival factors. A second surprising 
finding of our study was that a set of neuropeptides, which was 
thought to always be co-localized within the same cells, was 
differentially expressed in double mutant mice. This·demonstrated 
the suitability of double mutant mice for the characterization of 
neuronal differentiation and plasticity of gene expression. 

Neurotrophin responsiveness of cultured neurons derived 
from trk-defident mice 

Because of the differences observed between trkC and NT3 
mutant mice and because of the known in vitro activities of NT3 on 
TrkA and TrkB receptors when heterologously expressed in 
fibroblasts, we investigated whether NT3 can promote the survival 
of neurons isolated from trkC mutant embryos. In collaboration with 
A. Davies (St. Andrews, UK), we showed that during the mid-
embryonic period, NT3 promoted the survival of as many trigeminal 
and nodose neurons as the preferred neurotrophins, NGF and BDNF, 
suggesting that NT3 can signal through receptors distinct from TrkC. 
We then confirmed that these NT3 receptors were indeed TrkA and 
TrkB by using sensory neurons derived from double mutant mice 
(Davies et al., 1995). Moreover, the same neuron populations showed 
changes in NT3 responsiveness throughout development indicating 
that these TrkA and TrkB-dependent pathways are regulated and 



providing further evidence that these responses are physiologically 
significant. 

Eph-related receptor tyrosine kinases and axon guidance 
The family of Eph-related receptors has made a jump into the 

spotlight of neuroscience research by the discovery that one of its 
ligands has a repulsive guidance effect on retinal ganglion cell axons, 
suggesting that this ligand participates in organising topographic 
projections of retinal axons to the optic tectum (Drescher et al., 
1995). In fact, it was postulated that this large receptor family may 
provide the diversity of signals necessary to target axons throughout 
the nervous system. Our contribution to the Eph-related receptor 
field has been two-fold. 

As described in last years research report, we had developed a 
functional assay to test the interactions between Eph-related 
receptors and their ligands. This assay was based on chimeric 
receptors containing the ligand-binding region of Eph-related and 
the cytoplasmic domain of TrkB receptors. Co-expression of the 
appropriate ligand-receptor pair caused autocrine transformation of 
transfected fibroblasts. Using this assay together with binding and 
phosphorylation assays, we demonstrated that a subgroup of Eph-
related receptors, including Sek4 and Nuk, interacted with a 
subgroup of cell surface ligands, namely those that have a 
hydrophobiC transmembrane domain as opposed to a GPI anchor 
(Bergemann et al., 1995; Brambilla et al., 1995). These studies were 
done in collaboration with J. Flanagan (Harvard) and E. Pasquale (La 
Jolla Cancer Center). To a large part based on this data, it is currently 
believed that the Eph family of receptors can be subdivided into two 
separate and functionally distinct groups, which might perform 
different and perhaps complementary functions in vivo (Brambilla 
and Klein, 1995). 

In addition, we have performed genetic experiments in the 
mouse to analyse the in vivo function of Eph-related receptors. In 
collaboration with G. Lemke (Salk Institute), we have generated mice 
deficient in Sek4 receptors. These mice were then crossed with mice 
deficient in Nuk receptors (generated by M. Henkemeyer and T. 



Pawson, Toronto) to generate sek4/nuk double mutant mice. 
Whereas mice singly deficient in either Sek4 or Nuk are viable, 
sek4/nuk double mutant mice die perinatally, mostly due to a failure 
of palate closure. Therefore, Sek4 and Nuk have redundant functions 
in development of facial structures. Analysis of the nervous system 
revealed that Nuk-deficient mice have a defect in the formation of a 
major axon tract, the so-called anterior commissure, connecting the 
left and right cerebral hemispheres. In sek4/nuk double mutant 
mice, the defects in axon guidance of commissural projections in the 
brain was much more severe compared to the single mutant mice, 
indicating again overlapping functions ofSek4 and Nuk (Figure 3). In 
addition, both receptors were shown to be responsible for axon 
bundling. In absence of Sek4 and Nuk, at least one major axon tract 
appeared loosely packed compared to the wild-type situation. In 
summary, these experiments demonstrate that Eph-related receptors 
and their ligands represent some of the long sought molecular cues 
promoting topographic connections between neurons of the brain. 

Defects in neural and heart development in mice lacking 
the ErbB4 neuregulin receptor 

ErbB4, ErbB3, and ErbB2 (neu) are a family of cell-surface 
receptors that exhibit structural similarity to the receptor of 
epidermal growth factor (EGF). In cultured cells, the ligands for the 
ErbB2/3/4 receptors are the neuregulins, a set of proteins also 
known as glial growth factors (GGFs), neu differentiation factors 
(NDFs), heregulins (HRGs), and acetylcholine receptor inducing 
activity (ARIA). This collection of names reflects the diverse 
biological activities of the neuregulins in vitro, as glial cell mitogens, 
mammary differentiation factors, and muscle trophic factors. In 
collaboration with the Lemke lab (Salk Institute), we have generated 
mice deficient in ErbB4 receptors. We demonstrated that ErbB4 is an 
essential in vivo regulator of both cardiac muscle differentiation and 
axon guidance in the hindbrain of the central nervous system 
(Gassmann et al., 1995). Mice lacking ErbB4 die at embryonic stage 
E10.5 from the aborted development of myocardial trabeculae in the 
heart ventricle. This prevented the analysis of the consequences of 



ErbB4 deficiency at later stages. We have therefore introduced 
recognition (loxP) sites for the cre recombinase into the erbB4 locus 
in order to perform tissue-specific and conditional targeting 
experiments. These experiments are currently ongoing. 

An essential role for signalling by the HGF/Met receptor in 
muscle development 

Hepatocyte growth factor (HGF) elicits a variety of biological 
responses in many different cell types, including proliferation, 
survival, motility, and morphogenesis. These activities are mediated 
by the Met receptor protein-tyrosine kinase. Activation of Met 
results in phosphorylation of carboxy-terminal tyrosines, two of 
which were suggested to serve as multifunctional docking sites for 
several 5HZ-containing effectors (Ponzetto et al., 1994). In order to 
determine the role of these docking sites for the function of Met in 
vivo, we have generated, in collaboration with C. Ponzetto's lab 
(TorinO, Italy), mice expressing Met receptor signal transduction 
mutants within the endogenous met locus. Mutations of both. tyrosine 
residues to phenyl-alanine essentially mimicked the phenotype 
previously reported for the null mutation, including embryOnic 
lethality and lack of migratory muscle cells. This demonstrated that 
these two tyrosine residues are both necessary, and possibly 
sufficient for Met receptor signalling. We next mutated one of the 
two docking sites in such a way that the effector GrbZ was no longer 
able to bind to Met and thereby caused a dramatic reduction in HGF-
induced Ras activation. This mutation was viable and uncovered a 
previously unknown role for Met in the development of secondary 
myoblasts. The analysis of both mutations is ongoing. 

Transgenic Core Facility 
In 1995, the EMBL Transgenic Core Facility became operational. 

This service facility generates both transgenic and germline targeted 
("knockout") mice, by either DNA injection into fertilized oocytes or 
embryonic stem cell injections into blastocysts, respectively. Up to 
now, 4 transgenic and 10 knockout projects have been successfully 
handled for groups in Gene Expression and Differentiation 



Programmes. The facility also supports users in embryonic stem cell 
work by providing quality controlled cells and culture media. The 
facility offers mouse embryo freezing for long-term storage and for 
rederivation of existing lines into the new "specific pathogen free" 
animal unit: In addition to its service responSibilities, the facility 
carries out its own research to improve current and to establish 
novel protocols. 

Publications during the year 
Bergemann, A. D., Cheng, H.-J., Brambilla, R., Klein, R, and Flanagan, J. 
G. (1995). Elf-2, a new member of the Eph ligand family, is 
segmentally expressed in mouse embryos in the region of the 
hindbrain and newly forming somites. Molecular and Cellular 
Biology 15.,4921-4929. 

Brambilla, R., and Klein, R. (1995). Telling axons where to grow: a 
role for Eph receptor tyrosine kinases in guidance. Mol. Cell. 
Neurosd. 6,487-495. 

Brambilla, R., Schnapp, A., Casagranda, F., Labrador, J. P., Bergemann, 
A. D., Flanagan, J. G., Pasquale, E. B., and Klein, R (1995). Membrane-
bound LERK2 ligand can signal through three different Eph-related 
receptor tyrosine kinases. The EMBO Journal 14, 3116-3126. 

Davies, A. M., Minichiello, 1., and Klein, R. (1995). Developmental 
changes in NT3 signalling via TrkA and TrkB in embryonic neurons. 
EMBO Journa114, 4482-4489. 

Gassmann, M., Casagranda, F., Orioli, D., Simon, H., lai, C., Klein, R, and 
Lemke, G. (1995). Aberrant neural and cardiac development in mice 
lacking the ErbB4 neuregulin receptor. Nature 378, 390-394. 

Minichiello, L., Piehl, F., Vazquez, E., Schimmang, T., Hokfelt, T., 
Represa, J., and Klein, R. (1995). Differential effects of combined trk 
receptor mutations on dorsal root ganglion and inner ear sensory 
neurons. Development 121,4067-4075. 
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Figure legends 

Figure 1: Sensory innervation of cochlear hair cells responsible for 
mediating hearing. One inner hair cell is innervated by several large-
sized type I cochlear neurons which are dependent on TrkC receptor 
signalling for survival. Several outer hair cells are innervated by a 
single small-sized type II cochlear neuron which is dependent on 
TrkB receptor signalling for survival. See (Schiromang et al., 1995) 

Figure 2: Model for indirect functional interaction in the inner ear 
between trkB and trkC mutant alleles. (A) TrkA- and TrkC-
dependent dorsal root ganglion neurons innervate different targets 
and do not depend on each other in trk double mutant mice. Each 
population of neurons depends on specific neurotrophins secreted by 
the targets (arrows pointing down). The targets also depend on 
sensory neuron innervation for proper development (arrows pointing 
up). (B) TrkB- and TrkC-dependent inner ear sensory neurons 
innervate the same target and indirectly depend on each other due 
to abnormal development of the target. We hypothesise that partial 
lack of afferent innervation (e.g. in a trkB-/ - mouse) causes reduced 
release of neurotrophins by the target. As a result, trkC+/ - neurons, 
which have reduced levels of receptors, start to degenerate, having 
more adverse effects on the target. Finally, the sensory epithelium 
degenerates as in double homozygous mice. 

Figure 3: Defect in commissural projections in the forebrain in mice 
lacking Sek4 and Nuk receptor tyrosine kinases. 
Cresyl violet stained coronal sections of newborn wild-type (WT) and 
sek4-/-;nukl-/- (S4-/-;N1-/-) double mutant mice. Corpus callosum 
(cc) axons (unstained), connecting left and right hemispheres, fail to 
cross the midline in mutant mice and instead form large axon 
bundles, known as Probst's bundles (Pb). The second main forebrain 
communication route, the anterior commissure (ac), takes an 
aberrant vental path in mutant mice to the floor of the forebrain 
instead of crossing the midline. The center portion of the ac, which 
connects neurons of the olfactory bulb is not affected in mutant mice. 



Abbreviations: ac, anterior commissure; cc, corpus callosum; if, 
interhemispheric fissure; s, septum; st, striatum. Magnification: 
31.25x. 



Collaborations 

Alun Davies University of St. Andrews, St. 
Andrews, Scotland 

Title of project: "Neurotrophin-3 signalling in neurons lacking a 
functional TrkC receptor" 

Greg Lemke, Martin Gassmann The Salk Institute, San Diego, CA, 
USA 

Title of project "Generation and analysis of germline targeted mice 
deficient in neural receptor tyrosine kinases" 

Tony Pawson, Mark Henkemeyer Samuel Lunenfeld Research 
Institute, Mount Sinai Hospital , 
Toronto, Canada 

Title of project "Generation and analysis of germline targeted mice 
deficient in both Sek4 and Nuk receptor tyrosine kinases" 

Juan Represa, Thomas Schirnrnang University of Valladolid, 
Fernando Giraldez Valladolid, Spain 
Title of project: "Analysis of inner ear development in trk mutant 
mice" 

John Flanagan Harvard Medical School 
Boston, Massachusetts, USA 

Title of project: "Functional interactions between Lerk ligands and 
members of the Eph receptor family" 

Carola Ponzetto University of Torino 
Torino, Italy 

Title of project: "Signaling by HGF/Met receptor in vivo" 
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Group Leader: Angel R Nebreda 

Fellow: Gema Alonso (Madrid) (EMBL) 

Assistant: Margaret Jones 

Collaborative projects: 
-

[from October 1995] 

[from October 1995] 

[from October 1995] 

Cyclins in the meiotic maturation of Xenopus oocytes. T. Hunt, ICRF Clare Hall 
Laboratories, South Mimms (U.K.). 

Characterization of a novel MAP kinase cascade. P. Cohen, University of Dundee (D.K.) 

Publications: 

Doza, Y.N., Cuenda, A., Thomas, G.M., Cohen, P. & Nebreda, A.R. (1995). Activation of 
the MAP kinase homologue RK requires the phosphorylation ofThr-180 and Tyr-182 and both 
residues are phosphorylated in chemically stressed KB cells. FEBS Lett. 364, 223-228 

Nebreda, A.R., Gannon, J.V. & Hunt, T. (1995). Newly synthesised protein(s) must 
associate with p34cdc2 to activate MAP kinase and MPF during progesterone-induced 
maturation of Xenopus oocytes. EMBO J.14, 5597-5607 



the MoslMAP kinase cascade, interact for the activation of MPF during progesterone-induced 

maturation. 

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 Mpk:2, which is 50% identical to Mpkl. Mpk2 is most similar to 

HOG-I, an S. cerevisiae enzyme involved in the hyperosmolarity response. The mammalian 

homologue ofMpk2 (also known as p38 or RK) is activated by cellular stresses and cytokines, and lies -in a different signalling pathway to the 'classical' MpkI-like MAP kinases. We plan to use Xenopus 
oocytes to characterize the Mpk2 MAP kinase cascade. Since Mpk2 does not appear to be expressed at 

a significant level in oocytes, we will ectopically express this MAP kinase together with MAP kinase 

kinases which specifically activate Mpk2 but not Mpkl. We will then study the possible effect of 

Mpk2 in oocyte maturation, and we will also try to identify substrates for this MAP kinase. Finally we 

will use this system to address the regulation and substrate specificity of different MAP kinases co-

expressed in the same cell. To complement the biochemical studies in Xenopus, we will also try 

genetic approaches, including the generation of mutant mice deficient for the Mpk2 MAP kinase. This 

should allow to test the importance of this MAP kinase cascade for various cellular responses. 



progesterone-induced oocyte maturation (Nebreda et aL, 1995). We therefore plan to investigate the 

newly synthesized proteins that activate free p34cdc2 , and to elucidate how both pathways, activation 

of free p34cdc2 and the MosIMAP kinase cascade, interact for the activation of MPF during 

progesterone-induced maturation. 

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 aI., which is 50% identical to Mpkl. Mpk2 is 

most similar to HOG-I: an S. cerevisiae enzyme involved in the hyperosmolarity response. The 

mammalian homologue of Mpk2 (also known as p38 or RK) is activat by stress and by cytokine , 

and lies in a different signalling pathway to the 'classical' Mpkl-like MAP kinase, (Rouse et al., 
We plan to use Xenopus oocytes to characterize the Mpk2 MAP kinase cascade. Since Mpk2 does not 

appear to be expressed at a significant level in oocytes, we will ectopically express this MAP kinase 

together with MAP kinase kinases which specifically activate Mpk2 but not Mpkl. We will then study 

the possible effect of Mpk2 in oocyte maturation, and we will also try to identify substrates for this 

MAP kinase. Finally we will use this system to address the regulation and substrate specificity of 

different MAP kinases co-expressed in the same cell. To complement the biochemical studies in 

Xenopus, we will also try genetic approaches, including the generation of mutant mice deficient for the 

Mpk2 MAP kinase. This should allow to test the importance of this MAP kinase cascade for various 

cellular responses. 
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Xenopus oocytes before (upper panel) and after (lower panel) progesterone stimulation. Note 

the appearance of a white spot in the animal pole of progesterone-treated oocytes which have 

undergone meiotic maturation. 



Report from Cohen lab 
Differentiation Programme 

(1) 

Cell interactions and the organization of spatial pattern during 
development 

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. The classical grafting experiments of the 
experimental embryologists in the early part of this century led to the idea that 
the body pattern of the embryo is built through a cooperative process of cell 
interaction. Most influential among these studies was the "organizer" experiment 
of Spemann and Mangold, in which they showed 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 labs, including ours, has applied the molecular genetic 
approaches available in Drosophila to the question of how pattern organizing 
cen ters are established and how they function to specify cell fate and 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 which subdivide the discs into fWlctionally distinct 
sub-regions, known as compartments. In the second larval instar the wing disc is 
subdivided into dorsal and ventral compartments which correspond to the dorsal 
and ventral surfaces of the adult wing. We have shown that spatially localized 
e>"'Pression of the homeobox gene apterous (ap) specifies the identity of dorsal 
cells in the wing (Diaz-Benjumea & Cohen 1993 Cell 75:.741). Using genetic 
mosaics, we showed that removing ap function from a dorsal cell is sufficient to 
transform its fate from dorsal to ventral. The resulting juxtaposition of dorsal and 
ventral cells leads to the formation of a secondary organizing center which 
establishes a secondary dorsal-ventral axis. This study showed that short range 
interaction between distinctly specified populations of cells can establish an 
organizing center. Basler and Struhl (1994 Nature 368:208) subsequently showed 
that the secreted protein Hedgehog mediates a signal from posterior to anterior 



cells that leads to formation of an anterior-posterior organizing center, which has 
properties very similar to the dorsal-ventral organizing center. 

Subsequent work in this and other laboratories has focused on understanding the 
mechanism by which the organizing centers influence the fates of nearby cells to 
specify pattern and control growth. We can define three stages in the formation 
of the organizer. (1) specification of compartment-specific cell fate by localized -e}..-pressiol1 of a selector gene, (2) exchange of short range signals between cells in 
adjacent compartments, (3) localized expression of another Signaling molecule 
that in tum mediates the organizing activity of the compartment boundary. The 
identities of the genes which serve these functions in the dorsal-ventral and 
anterior posterior patterning systems of the wing is presented in the figure: 

Anterior/posterior Dorsal/ventral 

Step 1: engrailed apterous 

Step 2: hedgehog / patched Serrate / Notch 

Step 3: dpp wingless 

Specific progress in the last year has included: 

( 1) A demonstration that Wingless mediates the organizing activity of the dorsal-
ventral boundary in the wing. We also showed that Serrate and Notch serve as 
ligand and receptor in the interaction between dorsal an ventral cells to direct 
wingless e.\."Pression and establish the organizer. (Diaz-Benjumea & Cohen 1995) 

(2) Identification of nubbin as an essential gene for wing development. Nubbin 
encodes a POU-domain transcription factor similar to OCT-I, expressed in the 
presumptive wing. Characterization of the spatial requirements for Nubbin 
activity suggests the existence of a novel proximal-distal organizing center in the 
wing hinge. (Ng et al199S) 



(3) Defining the roles of the engrailed and invected genes is specifying cell 
identity in the posterior compartment. We showed that these genes have 
distinguishable, though partially overlapping, roles. Engrailed is primarily 
responsible for establishing the organizing center at the AlP boundary, while 
invected is largely responsible for specifying posterior cell identity. Though both 
genes encode very similar transcription factors, they appear to have different 
ability to regulate particular target genes. (This project was a collaboration with 
A. Simmonds and J. Bell at the University of Alberta, Canada. Published in 
Simmonds et al1995) 

(4) A demonstration that the Drosophila homologue of cAMP-dependent protein 
kinase A is an essential component of the signal transduction pathway through 
which Hedgehog and Patched set up the anterior-posterior organizer (This project 
\vas a collaboration with T. Lepage and S. Parkhurst at the Fred Hutchinson 
Cancer Research Center in Seattle, USA. Published in Lepage et ale 1995). 

(5) Identification of two target genes through which Dpp mediates AlP axis 
formation in the wing. Analysis of the mechanisms by which Dpp controls these 
genes had provided evidence for two distinct modes of signaling by Dpp: one a 
conven tiona! non-autonomous signal by the secreted Dpp protein and another an 
apparently novel mechanism which is Dpp-dependent, but cell-autonomous, and 
so docs not depend on the secreted form of the Dpp protein (Brook et ale 
manuscript submitted). 



(2) statistical information: 

(a) members of the group 

Group leader: Stephen M COHEN 

Staff scientist Fernando J. DIAZ-BENJUMEA 

Fellows: 
William BROOK 
Michalis A VEROF 
Hein-Tsong (Medard) NG 
Carl Joachim NEUMANN 
Thomas LECUIT 

Assistants: 
Christine PFEIFLE 
Sandra SCIANlMANICO 
Ann-Marl VOlE 

(b) collaborative projects: 

postdoc 
postdoc 
predoc 
predoc 
predoc 

technician 
II 

II 

Canada 
Greece 
Hong Kong 
Germany 
France 

Germany 
France 
Norway 

Spain 

NSERC(Canada)IEMBO 
EC (arrived Sept) 
EMBL 
EMBL 
EMBL (arrived May) 

EMBL 
EMBL (left June) 
EMBL (arrived March) 

(1) The role of arrow in the wingless signal transduction pathway 
Stephen DiNardo, Rockefeller University, New York, USA 
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Germ. plasm assembly and germline determination 

Group leader: Anne Ephrussi 

Fellows: W. Breitwieser, M. ErdQyi, J. Glotzer, N. Gunkel, A. Guichet, F.-H. 

Visitors: Gudrun Valdimarsdottir, P. Zaivorszky 

Assistants: A. Cyrklaff, A.-M. Michon 

In a wide variety of organisms, primordial germ cells become determined very 
early in embryogenesis, under the influence of factors segregated within a region 
of the egg cytoplasm, the germ. plasm. Germ. plasm and associated organelles have 
been described in a wide variety of organisms, but the relationship between these 
and the commitment of cells to the germ. cell lineage remains unknown. The 
nature of the determinants of the germ line has until now remained elusive. 

A direct role of the germ plasm in determination of the primordial germ cells has 
been demonstrated in Drosophila. In this organism, germ plasm synthesis occurs 
during oogenesis, under the control of maternally active genes. Components of 
the germ. plasm are synthesized by a cluster of 15 nurse cells connected by 
cytoplasmic bridges to each other and to the developing oocyte at its anterior. 
This peculiar cytoplasm assembles at the posterior pole of the oocyte and 
becomes functional during oogenesis. After fertilization, the first embryonic 
divisions are srictly nuclear, and at the tenth nuclear division the nuclei of this 
large syncytium migrate to the periphery of the egg. Those nuclei that penetrate 
the posterior pole plasm immediately bud off from the rest of the embryo, 
cellularizing some four nuclear divisions, or two hours, prior to the remaining, 
somatic, cells. These posterior pole cells are the primordial germ. cells. 

Transplantation experiments revealed that posterior pole plasm transplanted to 
ectopic positions in the egg can induce formation of germ cells at the site of 
injection. Interestingly, in addition to germ. cells, abdominal cuticular structures 
are also induced. These results demonstrate that the Drosophila germ plasm 
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contains the determinants both of the germIine and of the abdomen. The 
abdominal defects associated with the failure to form a proper germ plasm allowed 
the identification of eight genes required for its synthesis. These "posterior group" 
have been characterised genetically, anc;l most have functions in other aspects of 
Drosophila development. Examination of the effect of mutations in each of the 
posterior goup genes on the localization of the characterised components tothe 
posterior_pole has allowed establishment of a pathway for the assembly of the 
Drosophila germ plasm. Overall, germ plasm assembly is a stepwise process, but 
continued interaction between several of its components is required for 
maintenance of the integrity of this specialized cytoplasm at the posterior pole. In 
this pathway, the product of the gene oskar is unique among germ plasm 
components in that the RNA of oskar is first localized to the posterior pole of the 
oocyte, rather than the protein. Because of its position in the hierarchy of 
predicted interactions, we proposed that oskar is a central gene in germ plasm 
assembly and localization of morphogenic determinants. 

The true importance of oskar was tested direcly by asking whether oskar is 
sufficient to recruit other components of the germ plasm. Indeed, there exists a 
direct relation between oskar gene dose in females and the quantity of pole plasm 
assembled and of germ cells formed. Further, having detennined that the signals in 
the oskar RNA that mediate its localization to the posterior lie in its 3' 
untranslated region (3'UTR), we showed that when oskar RNA is misdirected to 
the anterior of the embryo by fusion of its coding region to the 3'UTR of the 
anterior morphogen bicoid, a secondary abdomen of reverse polarity develops at 
the anterior. Most spectacular however is the formation of functional germ cells at 
the anterior pole of these embryos. Using antibody and nucleic acid probes, we 
confirmed that ectopically localized oskar is sufficient to recruit other germ plasm 
components and thus induces germ cell formation. 

Localization-dependent translation of oskar 
(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 mislocalization of oskar activity has such dramatic 
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consequences on development, tight control of oskar translation 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 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 stable 
accumulation of Oskar, indicating that they may playa role in oskar translational 
control, or that an intact pole plasm is necessary for Oskar protein stability. 
Finally, we have shown that there are several isofonns of Oskar protein. 
Translation of the essential "short" Oskar isoform initiates from the second, 
internal, "in frame" methionine in oskar RNA, suggesting complex regulation at 
initiation. At present we are determining the mechanism by which translation is 
initiated from this second methionine. 

Proteins that bind to the oskor 3'UTR 
(N. Gunkel and L.C. Olsen) 

It has been shown that the 3' untranslated region (3'UTR) of oskar RNA contains 
signals sufficient to direct its localization to the posterior pole of the oocyte and 
early embryo, as well as signals for regulation of oskar RNA translation at the 
posterior pole. To begin to understand the mechanisms by which oskar RNA 
localization and translation are coupled, we are refining the analyses the 
localization and translation signals in the oskar 3'UTR This analysis is being 
carried out both by analysis in vivo and in vitro. We are testing the effect of 
systematic mutations of the 3' UTR on RNA localization and translation in 
oocytes and embryos. In parallel, we are examining the effect of these mutations 
on the binding of several proteins that we have shown bind specifically to the 
3'UTR, and that we suspect playa role in 3'UTR function. Ultimately we will 
concentrate on cloning the genes that encode these proteins. With the genes in 
hand, it will be possible to return to genetics and demonstrate their role in oskar 
RNA localization and/or translation, as well as reconstruct oskar translational 
regulation in vitro. 

Dynamics of oskar RNA localization 
(1. Glotzer, in collaboration with E. Karsenti) 
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The cytoskeleton has been shown to be involved in localization of several 
mRNAs in a variety of cell types including Drosophila oocytes. Inhibitors of 
microtubule polymerization interfere with oocyte-specific oskar RNA 
accumulation, suggesting that a microtuble-dependent localization mechanism 
may be involved during oogenesis. It has not yet been determined whether other 

elements playa role in oskar RNA localization, and whether 
localization is an active process. We have developed an in vivo RNA injection 
assay and are studying oskar RNA localization during oogenesis, following the 
translocation of oskar RNA with real-time video microscopy. We are 
investigating which cytoskeletal components, such as actin filaments and 
microtubules, are involved in localizing oskar RNA at various stages of 
development in the oocyte and the early embryo. Our results suggest that oskar 
RNA is localized to the posterior even late in oogenesis, at stages when the 
cytoskeleton no longer shows an obvious polarization and when active 
cytoplasmic streaming is occurring. These results stronly suggest that in addition 
to the postulated mechanisms of RNA localization through active directional 
transport, RNAs may be localized by facilitated diffusion, and highlight the 
importance of RNA "anchors", in this case at the posterior pole of the oocyte. 

Tropomyosin n is involved in oskar RNA localization 
(M.Erdelyi, A.-MMichon, P. Tomancak) 

Interestingly, in a screen designed to find germline determinants (see below), we 
have for the first time identified genetically a cytoskeletal component involved in 
oskar RNA localization. Females homozygous mutant in the cytoplasmic 
tropomyosin II (TmlI) 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 nonnaI flies. Examination of the distribution of the pole 
plasm components in oocytes from homozygous TmlI 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. Later on, however, oskar RNA and 
Staufen fail to become localized to the posterior pole of the mutant oocyte, 
accumulate at its anterior margin, and eventually become delocalized throughout. 
Cytoplasmic tropomyosin is thought to interact with the actin network. So far our 
analyses have failed to reveal any defect in the distribution of either 

4 



microfilaments or microtubules in the TmII mutants. We are carrying out further 
analysis of the TmII locus to precisely detennine the isoform involved in RNA 
localization. This will allow us to develop the molecular and genetic tools to 
further investigate the role of tropomyosin and other cytoskeletal components in 
RNA localization. 

Testing predicted interactions and identifying new molecules that interact 
with Oskar uSing a genetic assay in yeast 
(W. Breitwieser) 

To investigate the specific role of Oskar protein in pole plasm formation, we have 
been analysing which of the known pole plasm components interact with Oskar. 
To this end, hvae used a yeast "protein interaction trap", an assay that allows 
detection of specific binding between two proteins in vivo. With this assay we 
have shown that Oskar interacts directly with both Vasa and Staufen. By deletion 
analysis, we are mapping the sites in these proteins that are implicated in the 
interactions. The yeast results are being confinned biochemically, using bacterially 
expressed, Glutatione-S-transferase-tagged Oskar protein and both oocyte 
extracts and bacterially expressed Vasa and Staufen proteins. 

Saturation screen for determinants of the germline 
(M. Erdelyi, A. Guichet, A. Cyrklaff, and P. Zav6rszky) 

In Drosophila, mutation of a purely germline determining gene should result in a 
strictly .. grandcbildless" phenotype. As a genetic approach towards identifying 
the molecules and understanding the mechanisms that underlie germline 
detennination, we have carried out a highly directed and saturating F3 screen for 
P element-induced mutations in genes that govern the germline fate. Mutations 
induced by the insertion of the P element constructs allow the rapid cloning and 
molecular analysis of the affected genes. Our goal was to identify most of the 
genes that direct germline determination in Drosophila. At present there is no 
reliable estimate of the number of germ cell detenninants in Drosophila. It was 
therefore not possible to determine in advance how many mutagenized 
chromosomes should be screened to reach saturation for grandcbildless 
mutations. Our goal was to establish and check for grandchildless mutations in as 
many homozygous mutagenized lines as possible, and based on data from 
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saturating lethal screens, we felt that examination of 40 established lines 
would be a fair test of the existence of grandchildless genes. As a by-product of 
this screen, we generated several hundred female sterile mutations which we are 
further characterizing, as well as a collection of upward of 3000 lethals that are 
available to the research community. 
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Pattern Formation and Neuron Specification in 
the Drosophila Eye 
Members of the group: 

Group leader: 

Fellows: 

Assistants: 

M. Mlodzik 

G. Begemann, M. Fanto (from 1. 10.), C.A. Mayes, N. Parido 
(from 15. 10.), D.I. Strutt, V. Wiersdorff, M. Zeidler, 

U. Weber, A. Cyrklaff (50%,shared with Anne Ephrusi lab) 

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 are determined by 
local interactions among neighboring cells. Due to its repetitive structure of BOO 
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 and differentiation with single cell resolution. 

Development of the eye can be subdivided into several distinct features. Firstly, 
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 
decapentapZegic (dpp) gene, a TGF-B homologue. Secondly, the ommatidia I 
founder cell, the R8 precursor, has to be specified for each unit. The regular 
spacing of mature ommatidia is a direct consequence of the precise array of RB 
cells. This spacing pattern is generated by mechanisms of lateral inhibition. 
Thirdly, each ommatidial unit is assembled around the R8 precursor by a 
stereotyped sequence of inductive events. The induction 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 
including 4 other photoreceptors (R-ceIls), then additional cycles of induction 
follow to give rise to the full complement of 8 R-cells and 12 non-neuronal 
accessory cells, e.g. the lens secreting cone cells. 

Genetic screens for genes that are required in MF initiation and R8 spacing 
Scabrous (sea) is required for the restriction of the correct number of R8 cells. In 
sea mutants, the R8 precursors and ommatidia! preclusters are irregularly, too 
closely spaced. Sea codes for a secreted protein. Its genetic and molecular features 
and expression pattern indicate that it acts as an inhibitory signa! released by R8 
cells to prevent their neighbors from adopting the same fate (Mlodzik et al., 1990). 
Initially expressed in regularly spaced cell clusters, it gets subsequently restricted 
to one cell in each group, the R8 precursor. 

To gain additional insights into its function, Sca was ectopically expressed 
in all cells in the furrow. This causes a disruption of R8 spacing leading to a 



phenotype that is similar to sca- mutants (Ellis et al., 1994). Since this phenotype 
is dosage sensitive (such as higher levels, e.g. copy numbers of the trans gene, 
cause stronger effects), it was subsequently used in a second site modifier screen 
to identify other genes that are required for initiaI steps of precluster induction 
and the spacing pattern. A P-element collection on the 2nd chromosome was 
screened and several loci were isolated that cause a specific enhancement of this 
phenotype. Besides new alleles of neurogenic genes (already known to interact 
with sca), several genes that are required for the progression and/or initiation of 
the furrow have been isolated, e.g. the catalytic subunit of cAMP dependent 
protein kinase A (pka-Cl) and Mad (see below). In parallel, a collection of 2nd 
chromosomal P-element induced embryonic and early larval lethals was 
screened for a rough eye phenotype in homozygous mutant clones. Several 
mutants w:ith interesting features were isolated including pka-Cl and the 
segment polarity gene patched (see below). 

Furrow progression is regulated by cAMP-dependent protein kinase A 
Secreted factors encoded by hedgehog (hh) and dpp have been implicated in the 
propagation of the MF and subsequent initiation of photoreceptor differentiation 
(Heberlein and Moses 1995). We have shown that pka-Cl is required for the 
correct spatial regulation of dpp expression during eye development. Loss of 
pka-Cl function is sufficient to induce ectopic dpp expression followed by ectopic 
photoreceptor differentiation. This leads to an ectopic furrow, marked itself by 
non-autonomous propagation of dpp expression. Our results indicate that pka-Cl 
lies in a signalling pathway controlling the orderly temporal progression of 
differentiation across the eye disc. Both pka-Cl- clones and ectopic Hh expression 
induce ectopic dpp expression and formation of an ectopic MF. As induction of 
dpp expression is cell autonomous in pka-Cl clones, and no direct induction of 
hh expression is observed, it appears that Pka-C1 acts downstream or in a parallel 
pathway to hh. The similarity of the phenotypes of pka-Cl clones and ectopic Hh, 
and the genetic interaction between pka-Cl and hh, suggests that hh functions to 
activate dpp by causing inhibition of Pka-C1 expression or activity (Strutt et aI., 
1995, Fig. 1). Furthermore, patched- clones in the eye are phenotypically very 
similar to pka-Cl suggesting that inactivation of Patched is also required 
downstream of hh in this process (Strutt and Mlodzik, 1995). In addition, another 
gene identified to have a function in this process, Mothers against dpp (Mad), 
appears to be required downstream of Dpp. In Mad mutants the furrow initiation 
is blocked. 

Drosophila Jun is required for Ras-dependent photoreceptor determination 
(in collaboration with the lab of Dirk Bohmann, EMBL) 

Activation of Ras1 in undetermined precursor cells triggers their neuronal 
induction in the eye disc. D-jun (the Drosophila homolog of the proto-oncogene 
c-jun) is transiently expressed in photoreceptor precursor cells during their 
competence to be induced as photoreceptor neurons upon Ras activation. To 
characterize Jun function in this process, dominant negative Jun mutants were 
expressed in specific precursor cells. Flies expressing such mutant proteins show a 
dose-dependent loss of photoreceptors. Furthermore, the transformation of cone 
cells to R7 neurons elicited by constitutively activating the Ras pathway is 



relieved in the presence of the Jun mutants. These results place Jun downstream 
of the rasl signalling pathway in R-cell induction (Bohmann et al., 1994). 

Ras-mediated activation of Jun was mimicked by mutating the serine and 
threonine phosphorylation sites in Jun to aspartic acid residues. Expression of 
such an "activated" Jun protein, JunAsp,. in cone cell precursors is sufficient to 
induce photoreceptor R7 fate independent of activation of the Ras pathway. Two 
ETS domain containing nuclear phosphorylation targets of Ras activation have 
also been implicated in R7 fate induction, Pointed (pnt) and Van, as a positive 
and regulator of R7 cell fate, respectively. Genetic and tissue culture 
experiments demonstrate that Jun interacts with Pnt in a co-operative manner 
on the same promoter, and that this Jun/Pnt mediated synergistic activation is 
repressed by Van by competing for the same E'IS binding site. In addition, phyl, a 
putative transcriptional target of Ras activation in R7 induction is a dominant 
suppressor of JunAsp (Treier et al., 1995; Fig. 2). A similar genetic strategy is being 
now used to identify other nuclear components of this cell fate decision that 
interact with Jun or are potential target genes. 

The Seven-up (svp) nuclear receptor requires the Ras pathway for its function in 
photoreceptor specification 
Svp is expressed and required in outer photoreceptors R1/6 and R3/4 (these cells 
are transformed to R7 in s'OTr) and encodes an orphan steroid receptor (Mlodzik 
et al., 1990). Ectopically expressed Svp disrupts the development of any other 
photoreceptor or the non-neuronal cone cells. For example, in flies carrying the 
se'OE-svp transgene Svp is ectopically expressed in R7 and the cone cells, causing 
the transformation of these cells to Rl-6 or R7 depending on the transgene dosage 
(Begemann et al., 1995). 

Using this Svp-induced phenotype as an assay, we have performed genetic 
screens for modifiers of Svp function. A set of genes that has been identified as 
suppressors of the phenotype comprise rasl and other components of this signal 
transduction cascade. Negative regulators of rasl act as dominant enhancers of 
svp function. The analysis of combinations of se'OE-svp with different mutants 
either reducing or increasing Ras-activity in the precursor cells indicates that 
activation of Ras is directly or indirectly essential for normal s'OP function 
(Begemann et al., 1995). In addition, several novel genes have been isolated as 
modifiers of the svp mediated cone cell transformation that specifically interact 
with svp .. 

Pipsqueak (psq) is required downstream of Svp for R31R4 development 
Although Ras mediated photoreceptor induction is fairly well understood, little 
is known how the diversity of photoreceptor cells is generated in response to the 
same signaling pathway. Psq is expressed in the R3/R4 precursors during eye 
development (isolated in an enhancer trap screen) and this expression depends 
on svp function. Moreover, strong psq alleles are dominant suppressors of the 
svp induced cone cell transformation phenotype (see above). Although psq was 
identified as a maternal effect posterior group gene, our alleles demonstrate its 
requirement downstream of svp in R3/R4. Other imaginal structures, such as 
wings and legs are also affected in strong psq mutants. The gene codes for several 
novel nuclear protein isoforms some containing a domain, which has been 
implicated in protein-protein interactions (Weber et al., 1995). 



TFIIA-S is upregulated and required during photoreceptor induction 
We have identified the Drosophila TFIIA-S gene (Yokomori et al., 1994). 
Expression and phenotypic analysis has shown that in photoreceptor induction 
TFllA-S is specifically upregulated ,in precursor cells. Hypomorphic TFIIA-S 
alleles affect the identity and development of R-cells. In addition, the 
transformation of cone cells to R7 photoreceptors induced by constitutively 
activating the Ras pathway is dominantly suppressed by TFIIA-S mutants. These 
data suggest that TFIIA-S is required in analogy to TAFs during activated. 
transcription upon Ras/MAPK activation (Zeidler et al., 1996). 

Functional conservation of seven-up related genes in vertebrate neurogenesis 
(in collaboration with A. Fjose, Bergen, Norway) 
Several zebrafish members of the svp-subfamily of nuclear receptors have been 
isolated (with 80-94% identity). Their transcript distribution during zebrafish 
embryogenesis implicates their involvement during the development of the eyes 
and the eNS. Retinoic acid treatment of embryos leads to aberrant expression 
patterns of the svp-related genes prior to visible morphological defects. This 
suggests their involvement in the complex network required for interpretation 
of retinoid signals during vertebrate development (Fjose et al., 1995). 
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Figure 1 

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 
tum causes inactivation of PKA (and possibly also Patched) in cells anterior to the 
differeRtiating 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 will then in 
turn lead 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 to push the MF all across the eye disc epithelium from posterior to 
anterior. 

Figure 2 

Schematic: model of photoreceptor induction and specification. 

The activation of the Ras signal transduction cascade is the central event. In the 
R7 precursor cell (right side of schematic cell), this is achieved via the Boss-Sev 
interaction, in Rl-6 (left side) Spitz and Egfr are the respective ligand-receptor 
pair. Activation of Jun and Pointed and inactivation of Yan are common to all 
precursor cells, while others including Seven-up and Rough (Rl-6, left side) or 
Sina (R7, right side) are thought to cause the difference between the respective 
photoreceptor cell types. 

(Figures should be one column width when printed) 
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BIOLOGICAL STRUCTURES & BIOCOMPUTING 





Structural basis of protein-nucleic acid interactions. 

Group leader: D.Suck 

Scientist: T.Ceska 

Fellows! P.Brownlie (till May 1995,London,EU); R.Ficner(Munich,DFG); 
H.Raaijmakers(since Oct.1995,Wageningen,EMBL); C.Romier(Marseille,EMBL); 
U.Sauer(till Aug.1995,Heilbronn,EMBL); G.Stier(Heidelberg,DFG); . 
E.Wolf(Heidelberg,DFG till Aug.1995,EMBL) 

Visitors: F.Bieber(till Feb.1995, Mannheim); K.Rhee(till July 
1995,Heidelberg); J.Eaton(Glasgow) 

Assistant: H.Teo 

The research of our group is focused on protein -nucleic acid interactions 
which we study by a combination of X-ray crystallography and genetic 
engineering. We are particularly interested in the structure and function of 
nucleases, DNA-recognition by transcription factors and tRNA-modifying enzymes 
To obtain the milligram amounts of wild-type, mutant or specifically labelled 
proteins necessary for these studies we are developing suitable expression 
systems. 

DCoH - HNFl 

Last year we reported the crystal structure of PCD/DCoH from human/rat . liver a 
a resolution of 2.7A (Ficner et al.,1995). The tetrameric enzyme which is 
involved in the regeneration of tetrahydrobiopterin, an essential cofactor for 
the hydroxylation of aromatic amino acids, is made up of two saddle-shaped 
dimers reminiscent of the TATA-binding protein which are held together by a 
central 4-helix bundle. The major questions remaining concern the 
with the liver-enriched transcription factor HNFl and the physiological 
significance of this regulatory fuction in relation to its enzymatic activity 
(PCD/DCoH catalyses the dehydration of 4a-hydroxy-tetrahydrobiopterin) . 

We have shown that the 2:2 heterotetrameric HNFl-DCoH complex can be obtained 
by coexpressing, not however by simply mixing the two proteins. This indicates 
that the interaction involves the formation of a mixed 4-helix bundle which 
would require a disruption of the 4-helix bundle seen in the DCoH tetramer. To 
further analyse the HNFl-DCoH ' interaction we have established an E.coli 
coexpression system which allows us to purify milligram amounts of the complex 
USing solid-phase DNase I footprinting and band-shift experiments the DNA-
binding properties of the HNFl-DCoH complex have been studied. DNA as well as 
RNA-binding of HNFl is clearly affected by complex formation. Compared to the 
isolated DNA-binding domain of HNFl the complex shows increased binding to 
DNA-fragments containing HNFl binding sites which is evident from the higher 
salt resistance and lower off-rates. Unexpectedly, the complex gave rise to a 
footprint in the TATA-box region of the antitrypsin promoter and we are 
presently investigating whether this binding is due to sequence similarities 
between the HNFl consensus site and the particular TATA-box or whether this is 
a more general phenomenon. Attempts to crystallize the DCoH-HNFl complex are i 
progress. 
Based on the structure of the tetrameric apo-enzyme a putative active site of 
DCoH has been proposed ( Ficner et al.,1995), but a direct crystallographic 
proof through binding of substrate or subtrate analogs in the crystal has not 
been possible, presumably due to the high ionic strength of the crystallizatio 
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medium ( Ficner et al.,1995a). Meanwhile a second crystal form has been 
obtained under low ionic salt conditions using PEG as precipitating agent whic 
should allow soaking experiments. The new crystals belong to space group P32 
(a=96A, c=129A) and contain 3 tetramers in the asymmetric unit. Molecular 
replacement using the AMORE program gave the locations of the 12 monomers in 
the asymmetric unit and the structure has been refined to an R-factor of 
currently 25% for data from 10 to 3A. 
A bacterial homologue of the mammalian PCD/DCoH was recently identified in 
Pseudomonas aeruginosa and reported to regulate the expression of genes coded 
by the phh operon( Zhao et al.,1994) . We have cloned and expressed the 
bacterial protein which shows 33% sequence identity with the human protein and 
surprisingly found that it forms dimers in solution. Orthorhombic crystals 
( space group P212121, a=46A,b=54A,c=195A) have been grown of the Pseudomonas 
protein diffracting to beyond 1.8A, but efforts to solve the structure by mole 
ular replacement have failed so far. We have therefore produced selenomthionin 
labelled protein which could be crystallized under identical conditions to the 
wt protein, and have recently carried out a MAD experiment at the ESRF 
collecting data at 3 different wavelength from one shock-frozen crystal. 

Phage T5 5'-3' exonuclease 

After a long struggle with non-isomorphism (see previous research reports) 
the breakthrough in the structure determination of T5 5'-3' exonuclease came 
this year with a MAD experiment of a selenomethionine-Iabeled protein which 
could be crystallized under similar conditions to the native protein. MAD data 
were collected with the help of Andy Thompson at the ESRF beamline 19 to 2 . 5A 
at 4 different wavelengths from one shock-frozen crystal: At the absorption 
edge for f", at the inflection point for maximal f', and at two remote 
wavelengths. In addition, a high resolution data set including data to 1.57A 
was collected. The anomalous Patterson was solved using the program verify and 
an interpretable map was obtained with phases calculated with the Phases 
program after many unsuccessful trials with MLPHARE from the CCP4 package. The 
initial map was improved with DEMON and an initial model was built into an 
averaged map ( the space group is P43 containing a dimer in the asymmetric 
unit). A monomer mask was determined from a partial model and in the following 
9 stages DM was used for solvent fattening and averaging . The first 
18 residues of the total of 291 residues of T5 exonuclease are disorde; ed 
including Met16 and this is consistent with the observation that only 4 SeMet 
residues are visible per molecule. The structure is being refined with NCS 
restraints, but it is clear that there are slight differences between the two 
molecules in the asymmetric unit and the NCS restraints will have to be 
gradually loosened as refinement proceeds. The current R-factor is appro 28% 
(Rfree=34%) . 
The overall structure of the molecule appears to be rather similar to that of 
the 5'-3' exonuclease domain of Taq polymerase ( Kim et al.,1995), but it show 
several interesting features not visible in the latter structure. The most 
striking feature is an helix-loop-helix domain implicated in nucleic acid 
binding. This helix-loop-helix domain forms an arch through which a single DNA 
strand can pass. This would provide an explanation for the occurrence of 
di-,tri- and tetranucleotides as preferred reaction products as well as the' 
cleavage pattern observed for branched substrates. 
T5 5'-3' exonuclease requires divalent cations ( Mg2+ or Mn2+) for catalysis 
but is not activated by zinc . Soaking experiments with 
various metal ions are carried out and two metal binding sites have been 
identified in the active site in a crystal soaked with MnCI2. The observed 
distances and coordination geometry are reminiscent of the catalytic centre 
seen in 3'-5' exonucleases. Several data sets have been collected of crystals 
soaked with oligonucleotides of various length and are currently being 
evaluated. 



c 
TGT 

About 80 different modified nucleotides have been identified in tRNAs and it 
has been estimated that about 1% of the E.coli genome is coding for proteins 
involved in tRNA-modification. While in many instances the precise role of the 
modified bases is not well understood, the preservation of these modifications 
throughout evolution clearly shows their importance. In almost all organisms 
the hypermodified base queuine, a 7-deazaguanine derivative, is found in the 
wobble position of the anticodon of tRNAs specific for Asn, Asp, His ' and Tyr 

i replacing the guanine-34 of the primary transcript. In vitro and in vivo 
experiments have shown that queuine is involved in codon selection and 
prevention of stop-codon readthrough of TMV-RNA. Levels of queuine-modified 
tRNAs vary during development and aging and are decreased in cancer cells and 

1 through infection by retroviruses including HIV. The enzymes introducing eithe 
queuine ( in eukaryotes) or the queuine-precursor preQ1 (7-aminomethyl-7-deaza 
guanine) are called tRNA-guanine-transglycosylases( TGT). We are undertaking a 
study of the procaryotic TGTs from E. coli and Zymomonas mobilis, 43kD protein 
showing 60% sequence identity. 
While TGT from E.coli did not yield crystals suitable for X-ray diffraction 
studies, we managed to produce excellent crystals from the Zymomonas protein 
expressed in E.coli at 14oC(Romier et al.,1996). These crystals belong to 
space group C2 (a=92.1A,b=65.1A,c=71.9A,beta=97.50) and diffract to beyond 1.5 
resolution using synchrotron radiation. 
A reason for the failure to produce suitable crystals of the E.coli enzyme 
maybe its tendency to form higher aggregates in a concentration-dependent 
manner. The kinetic parameters of the two enzymes are virtually identical 
(Reuter and Ficner,1995). 

The crystal structure of Zymomonas mobilis TGT, the first known 0 
any tRNA-modifying enzyme, was solved by MIRAS-techniques and refined at 1.85A 
resolution to a current R-factor of 19%. Surprisingly, the structure consists 
of an irregular (beta-alpha)8-barrel with an attached C-terminal zinc-binding 
domain which tightly packs against the barrel via a connecting helix (Fig.1). 
By soaking native crystals with preQ1 the binding site of the natural substrat 
could be located in a difference Fourier and the structure of the complex was 
refined to 2.2A. The preQ1-binding pocket is located at the C-terminal face of 
the barrel and suggests that binding of the tRNA anticodon takes place in 
negatively charged binding pockets in the centre of the barrel, while ., 
'positively charged regions of the zinc-binding domain and the connecting helix 
provide electrostatic contacts for the backbone of the anticodon stem-loop. 
Thus, it appears that the distinct bipolar surface charge distribution of TGT 
is crucial for the proper orientation of the tRNA molecule. The structure of 
the preQ1 complex and the proposed tRNA-binding model is consistent with a bas 
exchange mechanism involving a covalent tRNA-enzyme intermediate. The TGT 
structure is the first example of a beta-alpha-barrel protein specifically 
interacting with a nucleic acid. 

Other projects 

DnaseI; BSAP( human B-cell lineage-specific activator protein); Myb/DNA 
complexes; Max,Mad,Myc( bHLHZ proteins); single-strand specific nucleases P1 
and Sl; selenocysteine synthase 
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Figure legend 

Ribbon plot representation of Zymomonas mobilis TGT. 
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Paired domain transcription factor BSAP. M.Busslinger,IMP, Vienna, Austria 
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Structural Basis 
Assembly 

Group leader: S. Fuller 

Scientists: J. Kenney 

of 
and Sorting 

Fellows: J. Butcher, D. Chretien, 1. Ferlenghi, Thomas Wilk 

Visitors: Ralph Heinkel$, David Starks-Browning*$, H. Saibil 
(Birkbeck College, London), E. Barklis (Oregon Health Sciences 
University, Portland), F. X. Heinz (Institute of Virology, Vienna), U. 
Skoglund (Karolinska Institute, Stockholm), F. Rey (Orsay) 

Assistants: M. Clarke, B. Gowen 

An understanding of the assembly and function of macromolecular 
complexes combines aspects of cell, developmental and structural 
biology. Such an understanding must be based in a firm and reliable 
knowledge of their structure and of the way that this structure is 
modulated by biological processes. The combination of cryo-electron 
microscopy with image reconstruction provides a uniquely powerful 
way to study these assemblies because it allows the determination of 
native three-dimensional structure as well as the observation of 
changes within them. Our group is studying several membrane and 
cytoskeletal assemblies for which control of assembly and 
disassembly has important functional consequences. 

Semliki Forest virus (M. Clarke, B. Gowen) 
Work on this enveloped animal virus has proceeded to an exploration 
of the early stages of fusion which occur after contact with the target 
membrane. Time resolved cryo-electron microscopy has been used to 
show that the initial contact with the target membrane (Plate 1) 
occurs across a face of the virus and is accompanied by profound 
distortion of the target membrane. Weare now using specific gold 
labeled lipid probes to identify the beginning of mixing within the 
complex. 

Enveloped bacteriophages (S. J. Butcher with D. Bamford, Univ. of 
Helsinki) 
We have been using cryo-electron microscopy of enveloped 
bacteriophages PRD-1 and cp-6 to identify the structural changes 



which occur in membrane viruses upon the packaging of nucleic acid. 
In the PRD 1 system, nucleic acid packaging causes an ordering of the 
membrane components of the system with essentially no change on 
the exterior of the virion. The q,-6 procapsid structures, in contrast 
undergo striking conformational .changes and rearrangements. 

Tick Borne Encephalitis (1. Ferlenghi, B. Gowen with S. Harrison, 
Harvard Univ. and F. X. Heinz, Vienna) 
FlavivirUses are small, icosahedral enveloped viruses which include 
some the most important and implacable pathogens known to man. 
The virion encapsidates its RNA in an internal icosahedral capsid 
which is surrounded by an envelope containing two transmembrane 
proteins, M and E. Flavivirus structure remains poorly understood. 
Recently the structure of a dimeric soluble fragment of the fusion 
protein (E) of tick borne encephalitis virus has been solved by X-ray 
crystallography. We have determined the structure of the whole 
immature virion (Figure 2) and found the positions of the E dimer 
and of M, which inhibits membrane fusion in the complex. 
Expression of the E protein together with the M protein leads to 
production of membranous particles which lack both a genome and a 
capsid. We have shown that these particles are also icosahedral and 
contain the E protein in a somewhat bent form on the surface. As this 
work proceeds to higher resolution, we should be able to def"me the 
contacts of the E proteins in the virus and examine the changes 
which accompany maturation and low pH mediated fusion. 

Human Immunodeficiency Virus (T. Wilk with V. Vogt- Cornell 
Univ., H.-G. Krausslich, H. Pette Institute, Hamburg) 
Retroviruses are intriguing structural systems. A great deal of 
evidence shows that these particles can form with variable diameters 
and contain variable amounts of nucleic acid. The conventional view 
of the particle is that it is icosahedral so that variable triangulation 
numbers must be invoked to explain the range of sizes. Expression of 
HIV pSSgag proteins in a baculovirus system produces particles 
which resemble the authentic immature HIV particle. Cryo-electron 
micrographs of these particles (Figure 3) showed that they were not 
icosahedral but rather comprised a set of ordered domains bounded 
by faults. The radius of curvature of the individual domains was 
approximately 700A and they were formed by flat facet like regions. 
Averaging of the protein subunits in the facets showed that they 
were arranged as a dimer of trimers on a net with angle near to that 
expected for hexagonal symmetry. The observations from cryo-
electron microscopy yield a picture of the HIV particle in which 



ordered domains come together to form particles of varying sizes 
(Figure 4). This work does not demonstrate the HIV particle itself is 
never icosahedral but rather that particle formation does not require 
icosahedral symmetry. 

Supercomputing Resource for Molecular Biology (D. Starks-
Browning, R. Heinkel) 
The SRMB is an EMBL and EU funded project which brings European 
molecular biologists to EMBL to use our computational resources and 
receive training in high performance computing. In the past year, the 
programme has supported approximately 20 visitors with projects in 
the areas of sequence comparison, molecular dynamics, image 
analysis, crystallographic computing and protein design. 

Microtubule structure (D. Chretien, J. Kenney) 
The function of microtubules is intimately tied to their polarity. For 
example, some microtubule motors always move toward the + end of 
the microtubule (Le. away from the centriole) while others always 
move toward the minus end. By combining tilting experiments with 
cryo-electron microscopy. of centriole grown microtubules, the 
relationship between an arrowhead pattern on skewed microtubules 
and the microtubule polarity was defined. Simulations of microtubule 
images using the recently published 6.5A. resolution tubulin map 
show that the observed arrowhead pattern could only be obtained by 
orienting the tubulin map in a defined way in the microtubule. This 
establishes the orientation of the tubulin map in with respect to the 
microtubule polarity which is an important Irrst step toward 
establishing the structure of the microtubule itself (Figure' 5). 
Labeling of centrioles with antibodies to 'Y-tubulin shows that there 
are two morphologically separate populations of this molecule in the 
structure: one in the pericentriolar material and a second in the 
centriole core (Figure 6). We are presently using antibodies to 
different 'Y-tubulin isoforms to explore the different functions of 
these two populations. 
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Legends for figures 

Figure 1 
Cryo-electron micrograph of Semliki Forest virus in contact after lOs 
at low pH in contact with a target vessicle. 

Figure 2 
Surface view of a three-dimensional reconstruction of the immature 
form of Tick Borne Encephalitis virus shows the E protein dimers as 
elongated shapes parallel to the surface and the pre-M proteins as 
the protrusions near the ends of the dimers. 

Figure 3 
Surface view of a three-dimensional reconstruction of a recombinant 
particle formed by expression of only the E and M proteins. Notice 
that the E protein dimers are now bent and the pre-M protein 
masses are lost due to cleavage during maturation. 

Figure 4 
Cryo-electron micrograph of HIV pS5gag particles shows that the 
variability in size is accomplished by the combination of a set of 
ordered domains. Faults can be seen seperating the domains. 

Figure 5 
The schematic shows the combination of individual domains to build 
HIV p5Sgag particles of variable sizes. 

Figure 6 
The model of a 14 protofilament 2 start microtubule shows the 
correct orientation of the 6.S.A map with respect to microtubule 
polarity. The skew of the packing in the microtubule in combination 
with the as symmetry of the subunit gives rise to the observered 
arrowhead pattern. 



Collaborations: 

Michael Nassel (ZMBH, Heidelberg) Struture of the Hepatitis B virus 

Franz X. Heinz (Institute of Virology, Vienna) Structure of Tick Borne 
Encephalitis 

Stephen Harrison (Howard Hughes Institute, Harvard University 
Medical School) Combination of X-ray and EM data for the TBE E 
protein 

Felix Rey (Orsay) Combination of X-ray and EM data for the TBE E 
protein 

Dennis Bamford ( Univ of Helsinki) Structures of Enveloped 
Bacteriophages 

Helen Saibil (Birkbeck College, London) Structure of the Ty particle 

Eric Karsenti, Cayatano Gonzalez (Cell Biology Programme, EMBL) 
Structure and antigenic mapping of the centriole. 



EXPERIMENTAL AND THEORETICAL ANALYSIS OF PROTEIN FOLDING. 

Group leader. L. Serrano 

Fellows: F. Blanco (posdoc), P. Cronet (phD student has left the group this year), V. 

Munoz (posdoc), E. Lacroix (PhD, incorpOrated this year), M. Pisabarro (PhD), J. 

Prieto (posdoc), M. Ramirez (Phd), AR Viguera (posdoc). 

Vzsitors: Maria. (1-6 to 1-8). Isabel Vazquez (1-10 to 15-12). 

Assistant: E. Lopez. 

Collaborations with other groups. 

Outside the house. 

Thennodynamic characterization, by differential scanning calorimetry, of different Che Y, 

SH3 and procarboxypeptidase A mutants (Prof. P. Mateo. Univ. de Granada. Spain). 

Infrared spectroscopy of peptides in solution (prof. J.L. Arrondo. Univ. Pais Vasco. 

Spain). 

Nuclear magnetic resonance of large proteins (Prof. M. Rico. Inst. Estr. de la Materia. 

CSIC. Madrid, Spain). 

X-ray structure determination of CheY mutants (Prof. M. CoIl. CID-CSIC. Barcelona, 

Spain). 

Kinetic and thennodynamic characterization of the activation domain of carboxypeptidase A 

(Prof. X. Aviles. Univ. Autonoma of Barcelona. Spain). 

Inside the house. 

I-Structures. 

Design of a GTP binding site on CheY. Chris Sander. 

X-ray structure determination of SH3 mutants and complexes with ligands. M. Wilmans in 

M. Saraste group. 

2-Cell biology. 

Conformational characterization of kine sin domains and fragments. Eric Karsenti. 



To understand protein folding it is necessary to characterize the thennodynamics and 

the kinetics of the folding reaction and therefore to determine the structure and energetics of 

the unfolded state under native conditions, folding intermediates, transition state and folded 

state. Only the folded state, the average proPerties of the unfolded state and stable folding 

intermediates are amenable to a detailed structural characterization by NMR or X-ray 

diffraction -(in the case of the folded state), while transient intermediates and transition 

states need to be characterized by kinetic methods. In our group we are trying to 

understand the conformational properties of the different states prior to the folded state, by 

using 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 that have predictive power on other proteins and can be used for 

rational design. 

Rational modification of protein stability. 

Increasing protein stability is a major goal of protein engineering because of its potential 

industrial and pharmacological applications. Several different rule-of-thumb strategies have 

been employed for such a purpose, but a general rational method is still missing. The stability 

of a protein is determined by the difference in free energy between the folded and unfolded 

states. Until recently it was considered that in the unfolded state there were no significant 

conformational preferences for the different amino acids, except Pro and Gly. Recently a 

comparison between experimental secondary structure propensities for the twenty amino acids 

and their relative statistical distribution in the protein database for the appropriate region of the 

Ramachandran plot (Munoz & Serrano. 1994. Prot. Struct. & Function 20, 301-311), has 

suggested that each amino acid has different q, and 'If propensities. However, it is not possible 

to discard that these preferences are due to context effects produced by the host secondary 

structure element To demonstrate that this is not the case we have compared several NMR 

parameters for the twenty amino acids in random coil short peptides. with the same parameters 



obtained from their 4> dihedral angle statistical distribution in the protein database. Our analysis 

demonstrates that each amino acid bas different 4> intrinsic propensities, which could be due to 

the side chain of the amino acids trying to maximise the hydrophobic surface-buried and 

hydrogen-bond formation with. the solvent. 

These <I> propensities correspond to energy differences that although small, added altogether 

could have a significant contribution to protein stability. This has been demonstrated by the 

thermodynamic characterization of a series of Ala vs Gly mutations at different helical and non-

helical positions of the chemotactic protein CheY, from E. coli. From this analysis we have 

derived an empirical eq. that takes into account the <I>,'\jI propensities of the corresponding 

amino acids and the dihedral angles of the mutated position obtained from the statistical 

analysis of the protein database. This eq. predicts the free energy change of any Ala to Gly 

mutation. The predictive power of this simple approach opens the possibility of extending it to 

more complex mutations. 

If we understand the factors responsible for secondary structure fonnation it is simple to 

design mutations to increase the stability of a particular secondary structure element and 

consequently to stabilize a protein. a-helices are one of the best targets for this approach 

since they are quite abundant, nonnally not very stable by themselves and we know many 

of the factors responsible for their stability. By using the helix/coil transition algorithm 

developed in our group, AGADIR (Munoz & Serrano, 1995gb), we have designed 

mutations affecting solvent-exposed residues in the two «-helices of the activation domain 

of procarboxipeptidase A (Fig. 1). These mutations significantly stabilizes the protein to 

urea or temperature denaturation, to the point of obtaining a thennostable protein (Fig. 1). 

This approach is quite reliable and can be used with every protein containing (X-helices. 

Understanding the different factors determining secondary structure 

formation and stability. 



Natural proteins are heteropolymers with characteristic thermodynamic properties that can 

be condensed in two general ones: stability of the native conformation and low 

thennodynamic degeneracy. Non-covalent interactions are assumed to be directly responsible 

of these properties, but the specific role of lOcal interactions is controversial. One way to 

gain insight into the later is to manipulate local interactions in a rational way and then follow 

the effect 9n the folding process of proteins. To do so we need to understand the factors 

responsible for the stability of local interactions, or in other words for secondary structure. 

In previous years we have developed a helix/coil transition algorithm (AGADIR.) that 

quantitatively at a residue level the helical content of monomeric peptides (Muiioz & Serrano. 

1995gh). To refine and expand this algorithm so it can take into account newly found 

interactions, we have analyzed by CD and NMR a series of purposely designed helical 

peptides bearing specific interactions: 

i) There was experimental evidence with model compounds than a sulphur atom could 

have a very favourable interaction with the edge of an aromatic ring. Analysis of peptides 

bearing Cys or Met and Phe at positions i, i+4 and viceversa indicate that these interactions 

contribute significantly to a-helix stability (up to 2 kcal.mol- l in the Phe-Cys pair) and 

explains why in the protein database around 50% of the sulphur atoms are contacting 

aromatic rings. 

ii) Recently in our group we found evidence that a hydrophobic residue outside the a-

helix at position N' (Richardson & Richardson nomenclature), could favourably interact 

with another hydrophobic residue inside the a-helix at position N4 (hydrophobic staple 

motif, Munoz et al., 1995d). This interaction can contribute up to -1.48 ± 0.18 kcallmol to 

a-helix stability at 278K and pH 7. We have also found that the contribution to a-helix 

stability of a geometrically feasible i,i+8 hydrophobic interaction between residues N' and 

N+ 7 is quite negligible, with perhaps the exception of the Leu-Leu and TIe-Leu pairs. 

ii) Statistical analysis of the protein database indicates that the presence of a particular 

sequence fingerprint, involving a Gly residue at position i, two hydrophobic residues at 



positions i+ 1 and i-4. and a polar or Ala residue at position i-2. is frequently associated to a 

local motif at the end of a-helices known as the Schellman motif. We have found that this 

motif contributes little to a-helix stability and could be an example of a local interaction 

selected not only on a stability basis but because 'of three-dimensional packing reasons. 

All these new energy contributions and local motifs are now introduced in a new 

version of AGADIR with a modified partition function that uses the multiple-sequence 

approximation (AGADIRms). 

Presently. by using AGADIRms we are designing mutations on the solvent exposed 

face of proteins to engineer helical propensities with the idea of determining the role of 

secondary stt;ucture in protein folding. 

Kinetic analysis of protein folding. 

Protein engineering combined with ldnetic measurements (protein engineering method). 

is a powerful method to dissect the structure of protein folding intermediates and transition 

states. This procedure permits to shed light on the physical factors determining the rate of 

folding of given protein sequences and to infer general rules about the folding process. By 

the kinetic and thennodynamic characterization of the wild-type and mutant forms of the 

small SH3 domain of a-spectrin. the activation domain of procarboxypeptidase A 

(collaboration with the group of Prof. Aviles, Barcelona, Spain) and the 129 aa a/(3 parallel 

protein of E. coli. CheY, we have derived some general insights into the mechanism of 

protein folding: 

iJ There seems to be a relationship between the size of a protein and the presence of 

stable kinetic intermediates. Globular proteins with less than 80 residues and no disuIphide 

bonds fold through a two-state transition mechanism. while proteins larger than 100 

residues present stable kinetic folding intermediates. This hypothesis is supported by 

several other studies on small proteins and domains. 



ii) We have added strong evidence to the unified mechanism of protein folding 

proposed by Prof. Fersht. In this unified model, smaIl proteins (CI-2 and SH3 domain) 

and some domains of large proteins (Che Y) will fold directly through a nucleation-

condensation mechanism, while in other large multi-modular proteins there would be a 

initial multinucleation-condensation step, followed by the docking of the preformed 

modules as the rate detetmining step (bamase). 

Protein design. 

SH3 domains are in general quite promiscuous and the same peptide can bind to 

different SH3 domains with similar poor affinities (Le. 3BPl peptide to Abl and Fyn-

SH3). By using existing biocomputing tools, as well as simple physicochemical 

reasoning, we have designed mutations in the 3BPl peptide, so that the affinity for Abl-

SH3 increases 20 fold, while that for the closely related domain, Fyn-SH3, decreases 10 

fold. By choosing rationally the substituents we can replace some of the Pro residues 

postulated to be essential for the interaction with Abl, and still have a significant affinity. 

This indicates that the sequence repertOire that could interact with a specific SH3 domain. 

could be larger than previously thought. 

Protein structure determination. 

During this year we have determined the three-dimensional structures of several Che Y 

mutants involved in CheY function (collaboration with Dr. M. ColI, Barcelona, Spain). the 

as well as calculated the structures in solution of the wild-type a-spectrin SH3 domain 

(Fig. 2) and Che Y protein. 

Legends to the figures: 

Figure 1. A) Sequence and 3D structure of the activation domain of human 

procarboxypeptidase A2 (ADA2h) and mutant-stabilized regions. The peptides analyzed are 

shown below the corresponding sequence of the protein. HI WT and HIMt. wild -type 



and mutant peptides containing Helix 1; H2Wt and H2Mt, wild-type and mutant peptides 

containing Helix 2. B) Urea denaturation curves of wild and mutant-stabilized fonns of 

ADA2h. From less stable to more stable. wild-type protein; mutations in Helix 1; 

mutations in Helix 2; double mutant C) Temperature denaturation of the same proteins in 

the same order. 

Figure 2. Stereo superimposition of the best 15 structures of the spectrin SH3 domain 

in solution obtained after the simulating annealing procedure (thin lines) and the crystal 

structure (thick line). Residues 7-61 were used in the superimposition. 
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Structural biology of membrane proteins and muscle proteins 

Group Leader: K Leonard 

Scientists: B. Bullard, T. Gibson"" 

Fellow: J. Clayton, V. Guenebaut, T. Wendt 

Visitors: J.J. Chang, C. Ferguson, S. Trachtenberg 

Assistants: D. Goulding, M. van Straaten 

Membrane proteins 

We are studying two large membrane protein complexes by 
electron microscopy, either as single particles in detergent or 
as periodic arrays (sheets or helical tubes) in lipid bilayers. 

In collaboration with Hanns Weiss (University of Dusseldorf) 
we are working on the large (80OkDa) complex I from Neu-
rospora crassa mitochondria. This redox enzyme consists 
of more than 30 subunits and our present goal is to map 
their positions in the membrane and cytoplasmic parts of the 
molecule using antibody labelling and subunit disassembly. 
By computer image analysis of electron micrographs, we 
have made a three-dimensional reconstruction of the whole 
complex in negative stain (fig.') and are at present carrying 
out antibody labelling of single particles. Data has also 
been obtained for projections of frozen hydrated unstained 
particles. 

In collaboration with Franc Pattus (Strasbourg), Gisou van 
der Goot (Geneva) and with the assistance of Marek Cyrk-
laff (Kuhlbrandt group)we have been studying the channel 
forming oligomer of the bacterial toxin, aerolysin. Electron 
microscope images of frozen hydrated helical tubes of the 
oligomer are being reconstructed with the goal of providing a 
three-dimensional envelope which can be used to fit the high 
resolution X-ray data for the proaerolysin monomer obtained 
by X-ray crystallography. STEM mass measurements of the 
tubes have been made (in collaboration with Deryck Mills, 
Haider Group) in order to determine the cross-sectional area 
of the membrane spanning region of the oligomer. 

Muscle proteins 

We are studying cytoskeletal proteins and proteins which 
regulate contraction in insect flight muscle. Biochemistry 
and immuno-Iocalisation of proteins are conveniently carried 
out with flight muscle from the giant water-bug Lethocerus 
indicus, while cDNA cloning and sequencing are done with 

the corresponding Drosophila proteins. 

In collaboration with the group of A. Pastore we are studing 
high molecular weight modular proteins in insect muscle. 
Kettin is a 700kDa protein found in insect Z-disc, which is 
similar to titin but containing only Class II domains separated 
by 35 amino-acid linker sequences. Immunolabeling of frozen 
sections has shown that the N-terminus of Kettin lies on the 
central axis of the Z-disc (fig.2) Drosophila mutants which 
may be located in the kettin gene are also being investigated. 

In collaboration with M. Gautel (Pastore Group) we have 
been carrying out electron microscopy of stretched muscle 
to determine the in vivo extension of titin in different skeletal 
muscle types. Immuno-electron microscopy of rabbit muscle 
I-band has also been carried out to investigate localised 
stretching of titin. 

As part of an EC Human Capital & Mobility Network we are 
studying the troponin complex which regulates contraction 
in Drosophila flight muscle. The flight muscles of some 
insects are activated by a stretch preceding each cycle of 
contraction which allows high wing beat frequencies (up to 
'000 Hz). There is an additional troponin component in insect 
flight muscle which may be the sensor for stretch activation. 
Troponin-H (TnH) is a fusion protein of tropomyosin and a re-
peating proline-rich sequence. Two isoforms of TnH (TnH33 
and TnH34) are produced from one of the tropomyosin genes 
by alternative splicing. Non-flight muscle and cytoplasmic 
tropomyosin are produced from the same Tmll gene. 

The Ephrussi group at EMBL have obtained a mutation 
which deletes part of the Tmll gene. By selecting for re-
cessive flight-impairing mutations which fail to complement 
the existing Tmll deletion, mutants can be identified which 
involve the unique TnH sequence. We have expressed 
the whole TnH molecule in Ecoli in order to determine 
its function in regulating the activity of Drosophila flight 
muscle. We are also screening for Drosophila mutants in 



the tropomyosin-TnH gene. Expressed TnH is completely 
soluble - CD measurements and chemical cross-linking sug-
gest that the tropomyosin component has a native a-helical 
conformation and that the molecule is a dimer. Expressed 
TnH forms small helical paracrystals at pH 5.0 (Fig 3). The 
troponin-tropomyosin complex has also been isolated from 
Lethocerus. Paracrystalline filaments can be prepared which 
mimic the appearance of thin filaments. although no actin 
is present (Fig 4). These filaments are being studied by 
computer image analysis to determine the structure of the 
troponin-tropomyosin complex. 

2 
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<HEADING STRUCTURE OF MEMBRANE PROTEINS BY 8.ECTRON 

CRYSTALLOGRAPHY> 

Group Leader: Werner KOhlbrandt 

Scientist: Da Neng Wang* 

Fellows: Manfred Auer (DFG), Ralf Flachmann (DFG), Neil 

Guthrie (EC), Kyong-Hi Rhee* (Boehringer), Yoshikazu Tahara 

(HFSP), Karen Williams* (MRC Canada) 

Visitors: Lise Caron* (Paris), Ian Collinson* (MRC 

Cambridge), Alok Mitra* (Scripps), Ed Morris* (London), David 

Parcej* (London), Gene Scarborough* (Chapel Hill), Paul 

Sigler* (Yale), JOrgen Stolz* (Regensburg/Erlangen), Ivo 

Tews* (Hamburg) 

Assistants: Marek Cyrklaff, Volker Brachvogel 

Our group focuses on the l'lJembrane protein structure and function 

studied by electron crystallography. Membrane proteins tend to for m 

two-dimensional rather than three-dimensional crystals, and these are 

ideal objects for structure analysis at high resolution by electron 

microscopy and image processing. During the past year we have 

concentrated on 

• plant light-harvesting complex (LHC-II) 

• cytochrome baf complex 



• proton ATPase 

• a bacterial light-harvesting complex, LH2 

• components of the protein import pore from chloplast envelopes 

Plant light-harvesting complex 

(Y'I. KOhfbrandt, Y. Tahara and D.N. Wang, with Y. Fujiyoshi, Kyoto) 

LHC-II is the major collector of solar energy in plant photosynthesis. 

We have determined the structure of this important membrane protein 

at 3.4A (KOhlbrandt et ai, 1994). This is one of only a few integral 

membrane protein structures to date known at this level of resolution, 

and only the second one determined by electron crystallography of 20 

crystals. 

At the resolution of our current map, several important questions, 

concerning for example the identity and mutual orientation of bound 

pigment molecules, remain unanswered. We have therefore intensified 

our efforts to improve the order and size of the 20 crystals in order to 

obtain phases at higher resolution by electron image processing, and 

amplitudes by electron diffraction. Images recorded with the Ii qui d -

helium cooled 300 kV field emission gun instrument in the laboratory of 

Dr. Fujiyoshi at liAR, Kyoto, Japan have yielded phase information to 

about 2.8 A (Fig. 1). We are continuing our attempts to produce crystals 

of ·similar quality for 3D data collection. 

LHC-II mutagenesis 

(R. Flachmann, N. Guthrie) 

We expressed His-tagged pea LHC-Il in transgenic tobacco plants. By 

this. approach, we are able to isolate recombinant LHC-II in sufficient 

quantities for crystallization and spectroscopic investigations. The 



complex isolated in this way contains monomers of both resident 

tobaco LHC-II and recombinant pea LHC-II. The trimers we re 

dissociated by detergent treatment and the recombinant monomers 

were isolated by Ni chelating chromatography. Reassociation of the 

recombinant complex into functional trimers was successful. We we re 

able to grow 20 crystals from this material which diffract to high 

resolution and appear to be indistinguishable from crystals of the 

native complex. 

As an alternative approach, we have established the protocol for LHC-II 

reconstitution from bacterially expressed polypeptide and pigments 

isolated from green plants, developed by H. Paulsen and colleagues i n 

Munich. We have made workable amounts of recombinant trimeric LHC-

II in this way and are now ready to use this method to produce mutant 

forms of the complex for crystallization trials. 

Structure of Band 3 protein (AE1 ). 

(D.N. Wang, with R. Reithmeier, Toronto) 

Band 3 exchanges CI- against HC03- across the erythrocyte 

membrane. After determining the 3D structure of the membrane 

domain of Band 3 at 20A by electron image processing of negatively 

stained 20 crystals, we have concentrated on frozen-hydrated 

specimens which will enable us to study the structure of t his 

prototypic transport protein at higher resolution. Crystallization 

experiments with Band 3 membrane domain isolated from pig, dog 

and human has yielded tubular crystals. This project is being 

continued by D.N. Wang in his new laboratory at the Skirball 

Institute, New York University Medical Centre. 



Structure of proton ATPase 

(M. Auer, with G. Scarborough, Chapel Hill) 

Crystalline arrays of H+-ATPase from Neurospora plasma 

membranes form on the surface of crystallization drops. Electron 

cryo-microscopy was used to determine the structure of the 

hexamerit enzyme at 10.3 A in projection. The crystals are 

extremely fragile and tend to shatter upon transfer onto carbon 

support film. To prevent this, we have developed a method fo r 

growing the 20 crystals directly on the carbon film (Fig. 2). This 

should enable us to collect 3D data in the near future. 

Bacterial light-harvesting complex 

(M. Cyrklaff, with Hugh Savage, Irmgard Sinning and G. Montoya, 

EMBL) 

In collaboration with the group of Irmgard Sinning, we are 

examining two-dimensional crystals of a bacaterial Ii g h t-

harvesting complex (LH2). Cryo-electron microscopy of vesicular 

20 crystals yielded a 7 A projection map (see Sinning's research 

report). Rotational analysis of the map revealed that the complex 

was a nonamer, composed of nine similar to the 

LH2 complex of a related purple bacterium solved recently by X-ray 

crystallography in Glasgow. A detailed comparison of our 

projection map with the X-ray structure indicates subtle 

differences in the arrangement of the polypeptide. 

Cytochrome b§.f complex 

(Karen Williams, with J.L. Popot and C. Breyton, Paris) 

Previously we obtained sheet-like and tubular crystals 0 f 

cytochrome baf complex from spinach which yielded a preliminary 



projection map at 20 A resolution. We are now renewing ou r 

efforts to isolate this complex from chloroplast membranes. 

Adapting a protocol for purification of the complex from 

Chlamydomonas developed by our collaborators in Paris, we have 

purified the spinach complex in quantities sufficient for for 20 

crystallization and structure analysis. 

Chloroplast protein import pore complex 

(Volker Brachvogel and W. KQhlbrandt, with JOrgen Soli, Kiel) 

The chloroplast envelope contains an assembly of membrane 

proteins which imports nuclear-encoded components (including the 

LHC-II precursor protein) into the chloroplast. This assembly 

consists of at least 5 different proteins which have been cloned and 

sequenced in the laboratory of our collaborators in Kie!. Two of th e 

protein components are overexpressed as inclusion bodies in E. coli. 

We have isolated, solubilized and partially purified one of the 

components and are currently attempting to refold it in detergent 

solution. 

Figure legends 

Fig. 1. Fourier transform of an electron micrograph of an untilted 

20 crystal of LHC-U, recorded at 4K with the high-resolution 

electron cryo-microsocope in the laboratory of Dr. Yoshinori 

Fujiyoshi, liAR, Kyoto, Japan. The transform shows reflections 

which yield significant phase information to abour 2.8 A resolution. 

Fig. 2. Thin layers of crystalline proton ATPase from Neurospora 

grown directly on carbon support film. Extensive areas of grey 



level 1 are monolayers. Areas of two, three and more layers are 

easily distinguished by steps of increasing grey levels, labelled 2, 

3 etc accordingly. The lightest areas represent carbon film only. 

Scale bar, 1 J.l.m. 

Publications during the year: 

Cyrklaff, M., Auer, M., Kuhlbrandt, W. and Scarborough, G. A. (1995) 

Two-dimensional structure of the Neurospora crassa plasma 

membrane ATPase as determined by electron cryo-microscopy 

EMBO J.14, 1854-1857 

Flachmann, R. and KOhlbrandt, W. (1995) 

Accumulation of plant antenna complexes is regulated by 

posttranscriptional mechanisms in tobacco 

The Plant Ce1/7, 149-160 

KOhlbrandt, W. (1995) 

Photosynthesis - many wheels make light work 

Nature 374, 497-498 (News and Views) 

KOhlbrandt, W. (1995) 

Structure and function of bacterial light-harvesting complexes 

(Minireview) 

Structure 3, 521-525 

Green, B. and KOhlbrandt, W. (1995) 

Sequence conservation of light-harvesting and stress-response 

proteins in relation to the three-dimensional structure of LHC-II 



Photosynthesis Research, 44, 139-148 

Collaborative projects: 

High-resolution electron microscopy of 20 crystals of plant light-

harvesting complex at liquid-helium temperature and 400 kV 

with Yoshinori Fujiyoshi, liAR, Kyoto, Japan 

European facility for high-resolution electron cryo-microscopy 0 f 

biological specimens 

with R. Henderson, MRC LMB Cambridge, F. Zemlin, Fritz-Haber-

Institut Berlin, J. Lepault, CNRS Paris, and Philips Electron Optics, 

Eindhoven 

20 crystallization and electron crystallography of Band 3 anion 

exchange protein from human erythrocyte membranes 

with Reinhart Reithmeier, University of Toronto, Canada 

20 crystallization and electron crystallography of cytochrome b6f 

complex from chloroplast membranes 

with Jean-Luc Po pot, Institut de Biochimie et Biophysique, 

Fondation Rothschild, Paris, France 

Crystallization of fumarate reductase 

with A. Kroger (Frankfurt) and Hartmut Michel, Max-Planck-Institut 

fur Biophysik, FrankfurtlM 

Electron crystallography of proton ATPase 



with Gene Scarborough, Dept. of Pharmacology, University of North 

Carolina, Chapel Hill, N.C. 

Spectroscopic stUdies of LHC-II 

with K. van Amerongen and Rienk van Grondelle, Vrije Universiteit, 

Amsterdam. 

Expression and folding of components of the chloroplast protein import 

complex 

with JOrgen Soli, Kiel 

In-house collaborations: 

Two-dimensional crystallization and electron crystallography 0 f 

bacterial light-harvesting complexes 

with Irmgard Sinning and G. Montoya 

Two-dimensional crystallization and electron crystallography 0 f 

bacterial cytochrome oxidases 

with Matti Saraste and A. Warne 
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Metcalf Group 1995 Annual Research Report 

Protein Crystallography 

Group leader: P. Metcalf 
Fellows: M.Neu, A.'foITonen*, V.Rybin*,E. Schlagenhaufi' 

High resolution molecular structures represent the end point of reductionist analyses in 
molecular biology. The complexity of the protein structures is an indication of just how 
overwhelmingly complicated cells are, and of the conceptual difficulties we face in trying to 
understand how they function. In dealing with the structures one has a very different view of 
proteins than the bands on gels, the amino acid sequences, or the modular diagrams that most of 
us associate with these most intricate of molecules. While atomic structures may be daunting, 
the technical creativity and computational challenge involved in determining them is extremely 
satisfying, and the deposition of the structures and data means that the information gained will 
eventually become part of our understanding of the vastly complicated intracellular world. 

1995 marked the end of the seven year existence of our research group, during which time 
we solved crystal structures of proteins intended mainly to be relevant to cell biology and to the 
central question of intracellular targeting. Cathepsin D (45kD, 3A, 1992), was the second 
lysosomal glycoprotein structure (after cathepsin B - two more were solved in 1995) and is 
relevant to classical studies on mannose-6-phosphate receptor mediated lysosomal transport 
(Kornfeld and Mellman, 1989). Cathepsin D is tagged with mannose-6-phosphate in the cis-
Golgi by sorting molecules that can recognise a targeting feature on the cathepsin D structure 
and distinguish it from very similar, but secreted aspartic proteinases (Dustin et al., 1995). Rab7 
(23kD - GTP-form 1.76A 1994, GDP form 1.75A 1995) is the first structure of the widespread 
rab class of ras-like GTPases, which control specific vesicle mediated transport pathways in 
cells and which have received much attention at EMBL (e.g. Zerial and Stenmark, 1993). 
Leishmanolysin (63kD, 1.86A 1994) is the first complete protozoan surface molecule structure, 
the fIrSt of a membrane bound proteinase, and the second of a GPI anchored glycoprotein, and is 
clearly of wider interest because it is the major surface antigen of the medically important 
pathogen Leishmania. Most of our effort in 1995 was directed towards determining the structure 
of the E. coli disulphide bond isomerase DsbC (2*24kD, -2A), in a collaboration with the group 
of Tom Creighton. 



Rab7 

Rab proteins are a family of about 30 related membrane bound intracellular GTPases, and 
about 12 individual rab protein types have been shown to be located on particular intracellular 
membranes and to control specific vesicle mediated transport pathways (reviewed by Zerial and 
Stenmark, 1993). Rab7 is located on late endosomes and controls transport between the early 
and late endosomal compartments of the endocytic import pathway (Feng et al., 1995). 

Two main ideas motivate the rab protein structure project: Different rab proteins are 
attached by C-terminal covalently bound lipids to the cytoplasmic surface of intracellular 
membranes and detailed information about the specific targeting interactions of rab proteins may 
lead to progress on the fundamental question of how organelles are distinguished at a molecular 
level in cells. The second idea motivating the structural rab work involves the active site, rather 
than the targeting region of the molecule. Rab proteins, like ras-related GTPases, trimeric G 
proteins and elongation factors, function as molecular switches with metastable GTP and GDP 
bound states mediating biological activity. The metastable states are maintained by low intrinsic 
hydrolysis and nucleotide dissociation rates and other molecules are required to trigger GTP 
hydrolysis and nucleotide exchange, to activate downstream events controlled by the GTPase 
switch. We want to understand in detail the mechanism of GTP hydrolysis in rab7 and the 
subsequent conformational changes to the molecule, with the aim of developing methods to 
modulate specific rab protein activity to control vesicle mediated transport pathways within 
cells. 

The current status of the project is as follows: Crystal structures of the GTP form of rab 7 
complexed with the non-hydrolysable GTP analogue GppNHp (1.9A Rfree=25.1%) have been 
determined both from wet crystals cooled to O°C and also using the ESRF X-ray source and 
cryo-crystallographic techniques at l000K (1.76A Rfree=28%). In 1995 we were finally able to 
obtain high resolution crystals of the GDP form of rab7 (diffracting to at least 1.35A at the 
ESRF) and have a preliminary structure (1.75A Rfree=38% ) showing significant conformational 
differences from the GTP form. TOCSY NMR spectra (with H. Oschkinat) showed that much 
of the C-terminal region of the molecule implicated by expression studies in intracellular 
targeting, was in fact flexible and structureless in our E.coli constructs. Fluorescence 
measurements (with I. Simon and R. Goody, MPI Dortmund) showed that the targeting part of 
the molecule is apparently independent from the active site, and removing it does not 
significantly change the enzyme kinetics. The kinetics work also suggested the possibility of 
using rapid crystallization and crystal freezing methods to obtain the structure of rab7-GTP, 
because rab7 has a uniquely slow inherent hydrolysis rate. 



Rab7 is becoming a very well characterized GTPase and the GTP and GDP form high 
resolution structures should provide the basis for mutant design aimed at developing methods to 
control the activity of specific rab proteins in cells. While the flexibility of the targeting regions 
means that an understanding of the molecular details of the targeting interaction will have to 
await the crystallization of rab/rab-receptor complexes, some idea of the interacting regions of 
rab molecules can be learned by mapping rab sequence variability on to the three dimensional 
structure of rab7. P4rte 1 show the rab subfamily within the ras-related GTPase sequences, and 
the structural location of the variability within the endocytic rab proteins (rab5-9) mapped onto 
the surface ofrab7. 

Leisbmanolysin 

Leishmanolysin (gp63 or PSP - promastigote surface protein) is the predominant surface 
antigen of the infective sand-fly borne form of Leishmania, a parasitic protozoan which infects 
humans, surviving within macrophages and causing significant medical problems for some 12 
million people in developing nations. Mutations of the surface antigens of viral and other 
protozoan pathogens (e.g. influenza or malaria) assist these organisms to evade the human 
immune system and to establish infection. Earlier crystal structures of influenza antigens, 
trypanosomal coat proteins and icosahedral viruses have shown how such antigenic variation can 
occur while maintaining the structural and functional integrity of the surface coat molecules. By 
contrast, Leishmanolysin shows little sequence variability between strains of Leishmania. It does 
however, have a unique enzyme activity - the 63kD GPI anchored glycoprotein is a zinc 
proteinase. These features mean the leishmanolysin molecule qualifies both as a vaccine 
candidate and a potential drug target, but until its role in Leishmania infection is confirmed by 
knock-out studies there seems little point in designing structure based inhibitors as potential 
leishmaniasis drugs. Specific and potent inhibitors would, however, be useful in determining the 
function of leishmanolysin in the insect and mammalian stages of the Leishmania life cycle. 

Leishmanolysin consists of three 150-200 residue domains and the N-terminal domain has 
a similar fold to the catalytic domain of other zinc proteinases such as thermolysin or 
collagenase. The other two domains have novel folds and the C-terminal domain, linked to the 
GPI anchor, has a particularly unusual structure linked together by 6 disulphide bonds. Plate 2 
shows the active site region of the leishmanolysin, which shows local similarity to the active site 
of the zinc proteinase tissue collagenase, suggesting a collagen like function for leishmanolysin. 
Crystallographic work on leishmanolysin had always been limited by severe crystallization 
irreproducibility and this problem was solved by the discovery in late 1994 by R.Etges of an 
easily obtainable crystal form. with zinc mediated crystal contacts. The structure of this crystal 
form was determined in 1995 and should now allow us to produce structures of complexes of 



known collagenase inhibitors bound to leishmanolysin, and to exploit the relationship of 
leishmanolysin and tissue collagenases to design specific leishmanolysin inhibitors. 

Disulphide bond isomerases in the endoplasmic reticulum of eukaryotic cells and in the 
periplasm of E.coli are required for the formation of disulphide bonds in protein molecules. We 
are determining the crystal structure of the E.coli periplasmic disulpbide isomerase DsbC in a 
collaboration with the group of T.Creighton. The molecule is a 2*24kD dimer where each 
monomer contains a CXXC active site motif, like the cytoplasmic reductant thioredoxin, the 
periplasmic disulphide bond catalyst DsbA and the eukaryotic protein disulphide isomerase PDI. 
Isomerization of disulpbide bonds requires formation of an enzyme-substrate protein disulphide 
linked intermediate within which rearrangement can occur. A three-dimensional structure of the 
DsbC dimer should provide useful information about how this complicated reaction is 
accomplished. 

DsbC is the fIrst genuine E.coli protein we have worked with in the group. It is 
periplasmic, stable and can be over-expressed and purified in high yields. V. Rybin crystallized 
DsbC in 1994 using protein purified by A. Zapun (Creighton group). Cryogenic monochromatic 
data sets were collected at EMBL Hamburg from both native and selena-methionine crystals. 
MAD data was collected at the ESRF in September, but the large number of selenium atoms (10 
for each molecule in the asymmetric unit of the crystal) and the suboptimal quality of the data 
collected meant that the selenium atom positions could not be determined, despite the strong 
anomalous signal in the data. Work continued with a regular derivative search, but the difficult 
crystallization and crystal-to-crystal variation has so far limited success. Molecular replacement 
approaches using thioredoxin folds as search models gave interesting, but ultimately 
unconvincing results. A second MAD data collection is planned for 1996. Despite our best 
intentions, the determination of crystal structures is often anything but routine! 

Plate 1 

Ras related GTPase diagram and the surface of rab7. 

Plate 2 

Zooming up on the leishmanolysin active site PI' hole. 
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Structural studies of proteins and protein-ligand complexes 

Group Leader: R.K. Wierenga 
Fellows: C.K. Engel, M. Mathieu, Y.E. Modis, W. Schliebs, N. Thanki, 
A. Weijland, J.C. Williams 
Assistants: A. Kanellopoulos, J.P. Zeelen 
Visitor: R. Abagyan 

Our research cOncerns structural studies of proteins. The principal tool 
is protein crystallographic methods but other techniques, in particular 
modelling, molecular biology, enzymology and spectroscopy are equally 
essential. We study different enzymes which can be grouped into three 
different projects: monoTIM, p-oxidation enzymes and tyrosine kinases. 
Several important questions concerning the functional and stability 
properties of proteins are addressed by these investigations, as will be 
discussed further in separate sections. Table 1 summarises some of the 
crystallographic data of the four crystal structures which have been 
solved and refined further in 1995. 

monoTIM 

MonoTIM is a recombinant protein; it is derived from the dimeric 
trypanosomal triosephosphate isomerase (TIM) by changing a 15 
residue dimer interface loop into a much shorter (8 residue) loop. The· 
new TIM-variant, monoTIM, is a stable, monomeric protein with 
residual catalytic activity. Compared with wild type TIM, it is 1000 
times less active, the kcat is approximately 5 sec- 1 (Table 2). Compared 
to other enzymes, however, the kcat is not very low; for example xylose 
isomerase (which catalyses the same reaction, for a different substrate 
and using a completely different reaction mechanism) has 
approximately the same turnover number. In wild type TIM, the 
catalytic residues have very rigid conformations, stabilised by subunit-
subunit contacts across the dimer interface. In monoTIM these residues 
are much more mobile, in particular Lys13 in loop-I, as can be 
concluded form the 4 crystal structures of monoTIM (Borchert et aI, 
1995a). The TIM activity of monoTIM seems to be due to an induced fit 
mechanism, such that the substrate, on binding into the active site, 
induces the proper active site geometry for the catalysis. Further 
kinetic studies of mono TIM have shown that the affinity of the 
monoTIM active site for phosphoglycolohydroxamate (PGH) is about 
100-fold reduced when compared to wild type, whereas the affinity for 
2-phosphoglycolate (2PG) is only 2-fold decreased. This is of interest 
because PGH is a true transition state analogue and, therefore, its 



weaker binding correlates nicely with the lower kcat of the monoTIM 
active site (Schliebs et 1996). 

Currently the MonoTIM project addresses two questions: 

1. How important is the dimerisation for the full activity of the TIM-
dimer? The results so far indicate that the wild type monomeric subunit 
is compactly folded (Borchert et 1995b). From the analysis of the 
mono TIM structures it seems that the dimer interface loops are mobile 
in the monomeric form (Borchert et 1995a). Apparently these loops 
become rigid only on dimerisation. We have now constructed another 
variant of trypanosomal in which two small and conserved 100p-3 
residues have been changed into bulky residues: T7SR and G76E. 
Modelling suggests that in this variant (RE-TIM) dimerisation is very 
unlikely. RE-TIM differs from wildtype only because of two point 
mutations in 100p-3 (and not because of a deletion in as is the 
case for monoTIM). Activity assays and ultracentrifugation 
measurements suggest that RE-TIM is indeed a monomer. Further 
characterisation of RE-TIM is in progress. 

2. Is it possible, via loop modelling technology to change the substrate 
specificity and the catalytic properties of monoTIM? MonoTIM can also 
be considered as a reference molecule for obtaining another protein with 
desirable properties. In this perspective it is important to realise that 
the· active site of monoTIM consists of mobile loops whose sequences can 
be changed, such as to optimise its properties. Our first attempt along 
these lines is· changing loop-I, such that it becomes without 
interfering with the TIM-activity. Careful modelling with ICM, in 
collaboration with Abagyan (Skirball Institute, New suggested a 
new sequence, as depicted in Figure 1. The new protein was made, 
expressed, purified and crystallised. Currently the structure of this 

o 
variant (mIl TIM) is being refined at 2.SA resolution (Table 1). 

6-oxidation enzymes. 

The pathway consists of four different enzymatic activities, 
as visualised in Figure 2 for the peroxisomal system. Except for thiolase, 
none of these enzymes have been studied by protein crystallographic 
methods. These enzymes or their individual domains, bind similar 

nevertheless the folds are very different. This year we have 
refined (at l.sA) the structure of yeast peroxisomal thiolase 
(collaboration with Kunau, Bochum, Germany) and we have solved and 
partially refined (at 2.7 A resolution) the crystal structure of a hexameric 



mitochondrial hydratase (collaboration with Hiltunen, Oulu, Finland). All 
the data that was used for this structure determination was collected at 
lOOK (Engel et aI, 1996). We have initiated the crystallisation of rat 
peroxisomal multifunctional enzyme (MFE) which has a hydratase 
domain and a dehydrogenase domain (Figure 2). The hydratase domain 
of the MFE has significant sequence homology to the mitochondrial 
hydratase. The fold of the hydratase subunit is schematically shown in 
Figure 3. The fold seems to be a new variant of a fold with a "spiral"-
topology. The- first half of the protein is folded into four turns of a 
spiral, in which each turn consists of secondary structure elements. 
The hydratase hexamer is a dimer of trimers because three subunits are 
tightly associated into a trimer, whereas there are much fewer 
interactions between the two trimers. The mode of binding of the ligand 
is known because the protein has been crystallised in the presence of a 
good inhibitor: acetoacetyl CoA. 

The mode of binding of the fatty acid CoA molecule to hydratase and 
thiolase is probably very different. Although a structure of the thiolase-
substrate complex does not yet exist, the refined structure of thiolase 
together with the sequence conservation in 24 sequences suggests that 
the fatty acid moiety binds in a "tunnel" which is closed off at one side 
by the presence of the other subunit (Mathieu, 1995). This would also 
explain why different thiolases with different substrate length 
specificity's exist. 

The peroxisomal enzymes all have to be imported into the 
peroxisomes but using different signal sequences: for example thiolase 
uses an N -terminal signal sequence whereas the MFE uses the more 
classical C-terminal SKL sequence. The substrates for all four catalytic 
steps are very similar (derivatives of the fatty acid CoA molecule) 
nevertheless, the folds are very different. Apparently, in the evolution, 
unrelated folds have been selected to carry out the different catalytic 
steps. 

Tyrosine kinases 

Tyrosine kinases play a central role in signal transducing processes of 
multicellular organisms. Currently the molecular mechanism of their 
mode of regulation and substrate specificity are poorly understood. Our 
efforts in the past year concentrated on the kinase domain of chicken 
Src in a collaboration with Superti-Furga and Courtneige (Sugen, USA). 
Several constructs are being investigated, all of them are expressed in 
the yeast S.pombe. The expression level is 1 % of expressed Src protein 
of the total protein pool. Therefore, the purification requires several 
columns, including an ATP-affinity column. In this way about 10-40 mg 



Src-kinase domain can be purified from a 60 I fermentation culture. 
Careful analysis by mass spectrometry (collaboration with Mann) of the 
protein which seems to be pure in SDS-gels showed that a mixture of 
unphosphorylated and phosphorylated protein has been purified. 
Fortunately this mixture can be separated by a mono-Q column in an 
unphosphorylated form and a mono-phosphorylated form. 
Approximately 80% is in the unphosphorylated form and 20% is in the 
phosphorylated form. Sequence analysis of the mono-phosphorylated 
form, fiy mass spectrometry, showed that in fact the 
monophosphorylated form is phosphorylated either at Tyr 416 or Tyr 
436. Crystals have been grown from both the unphosphorylated as well 
as from the mono-phosphorylated form but currently these crystals are 
either too small or too mosaic. 

The kinetic characterisation of the mono-phosphorylated and 
unphosphorylated form shows that the apparent Km of the mono-
phosphorylated form is significantly lower (Figure 4). Therefore, at low 
substrate concentrations, the phosphorylated from is more active than 
the unphosphorylated form. The importance of the phosphorylation on 
Tyr436 is currently unclear; Tyr416 is known to be an important 
residue which is phosphorylated in the active form of Src. 

Publications during the year 

T.V. Borchert, K.V. RadhaKishan, J. Ph. Zeelen, W. Schliebs, N. Thanki, R. 
Abagyan, R. Jaenicke, R.K. Wierenga (1995a ). Three new crystal 
structures of point mutation variants of monoTIM: conformational 
flexibility of loop-I, 100p-4 and 100p-8. Structure 3, 669-679. 

T.V. Borchert, J. Ph. Zeelen, W. Schliebs, M. Callens, W. Minke, R. Jaenicke, 
R.K. Wierenga (1995b ). An interface point mutation variant of 
triosephosphate isomerase is compactly folded and monomeric at low 
protein concentrations. FEBS Letters 367, 315-318. 

M. Mathieu, (1995). Structure determination of thiolase. PhD Thesis. 

Other references 

C.K. Engel, R.K. Wierenga, P.A. Tucker, (1996). 1. Appl. Cryst. (in press). 

Z. Songyang, K.L.1. Carraway, M.J. Bek, S.C. Harrison, R.A. Feldman, M. 
Mohammadi, J. Sclessinger, S.R. Hubbard, D.P. Smith, C. Eng, M.J. Lorenzo, 
B.A. Ponder, BJ. Mayer, & L.C. Cantley (1995). Nature 373, 536-539 



W. Schliebs, N. Thanki, R. Eritja, R.K. Wierenga (1996). Protein Science 
(in press). 

Fig. 1. The sequence changes between monoTIM and mIl TIM. The 
monoTIM loop-l sequence is identical to the wild type sequence. Lys13 
is the catalytic residue. In the reference monoTIM structure which was 
used for the modelling (ITTI) residues 14-18 are mobile. The mllTIM 
loop-l is one residue shorter than in monoTIM. 

Fig. 2. The peroxisomal pathway. The second enzyme is the 
multifunctional enzyme (MFE), which has a hydratase domain and a 
dehydrogenase domain. 

Fig. 3. The hydratase fold. The core of this fold has a spiral topology 
consisting of four turns. The secondary structure elements of each tum . 
are subsequently The of each tum are labelled. The 
dotted in the flIst tum has no good hydrogen bonds with the 
adjacent After the spiral there are two small domains, 
connected by a long a-helix (shaded in the figure). These small domains 
(mainly a-helical) are important for the subunit-subunit interactions 
within one trimer. 

Fig. 4. The rate of phosphorylation of the Src-optimal substrate peptide, 
as catalysed by the unphosphorylated Src-kinase domain (open circles) 
and the mono-phosphorylated Src-kinase domain (closed circles). The 
kinase domain (O.OIJ.LM) was incubated for 3 minutes with 50J.LM 
32p(y)ATP and different concentrations of peptide (plotted on the x-
axis). On the y-axis is plotted the amount of radioactivity incorporated 
in the peptide after 3 minutes incubation. The sequence of the peptide 
is AEEEIYGEFEAKKKK, as proposed by Songyang (1995). 
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Collaborative Projects 

Structural studies and design studies of triophosphate isomerases: 
- Prof. Dr. R. Abagyan (New York University, New York, USA). 
- Prof. Dr. R. Jaenicke (University of Regensburg, Regensburg, Germany). 
- Prof. Dr. J. Martial (University of Liege, Liege, Belgium). 
- Prof. Dr. F.R. Opperdoes and Dr. P.A.M. Michaels (ICP, Brussels, Belgium) 

The structure determination of enzymes of the pathway: 
- Prof. Dr. J.K. Hiltunen (University of Oulu, OuIu, Finland). 
- Prof. Dr. W.-H. Kunau (Ruhr University, Bochum, Germany). 



Table 1. Crystal structures which are currently being refined. 

resolution asymmetric unit R-factor 

thiolase 1.8A dimer (782 residues) 20% 

mIl TIM 2.5A hexamer (1446 residues) 28% 

Leishmania TIM 2.2A monomer (250 residues) 17% 
0 

Hydratase 2.7A hexamer 

Further details are discussed in the text, 
structural studies of TIM from Leishmania 
this TIM a solvent inaccessible glutamate 
whereas in all other sequences (more than 
position. 

(1548 residues) 28% 

except for Leishmania TIM. The 
mexicana are interesting because in 

is observed at the dimer interface, 
30) a glutamine is observed at this 



Table 2 Some kinetic constants for wild type TIM and monoTIM 

keat 
(min-l) 

wild type TIM 3.7 105 

monoTIM 3.1 102 

Km 
(mM) 

0.25 + 0.05 

4.1 + 0.6 

Ki(2PG) 
(J1M) 

26 + 7 

52 ± 7 

Ki(PGH 
(J1M) 

8+1 

500 + }( 

2PG is 2-phosphoglycolate, PGH is phosphoglycolohydroxamate. These kinet 
measurements concern the conversion of D-glyceraldehyde-3-phosphate in' 
dihydroxyacetone phosphate. 



wild type loop-l sequence 
wild type secondary structure 
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Research report 1995: 

Structure analysis of membrane proteins and signal recognition particle (SRP) 

Group leader: Irmgard Sinning 

Fellows: Guillenno Montoya, Claudio Moser, Simon Rodgers* 

Visitors: Kai -te Kaat, Hugh Savage, Isabelle Mus-Veteau, Christine Hager-Braun. 
Eckart Bindewald 

Assistants: Cecilia Svensson 

The major research interest of our group is to study structure and function of 
membrane proteins and of proteins involved in targeting to membranes (signal 
r!!Cognition particle, SRP). 
The progress in structure determination of membrane proteins is still rather slow 
when compared with soluble enzymes. The problem resides mainly in the availability 
of well-ordered 3D crystals. A number of membrane proteins tend to form 2D crystals 
more readily, which can be analysed by electron microscopy and image processing 
techniques. But given well-ordered 3D crystals, it is still much easier to detennine a 
protein structure by X-ray crystallography if the phase problem can be overcmne. In 
future, the two methods may complement one another, by using a map determined at 
moderate resolution by electron microscopy as an initial phasing model. Therefore. 
we have started to perform 2D and 3D crystallization experiments simultaneously. 

Bacterial light harvesting complex n (LIm) 

All bacterial antenna (light harvesting, LH) complexes that have been studied so rar 
consist of two polypeptides , ex and P of about 50 amino acid residues each. The 
central part forms a membrane spanning helix. Pigment molecules -
bacteriochlorophylls and carotenoids - are bound to the polypeptides, and thereby 
give rise to the characteristic colour of the LH complexes. We were able to improve 
the qUality of our 2D crystals and to determine the structure of LHII from Rhv. 
sulfidophilum at 7A. resolution using cryo-electron microscopy. Guillermo Montoya 
obtained a new crystal form with the orthorhombic plane group p22121 and cell 
dimensions of a=160.0 A and b=I40.0 A (before: tetragonal p4212, a=b=157.0 Pt.). In 
the previous study, the resolution was to low to reveal whether the LHII complex 
forms a heptamer, octamer or nonamer. Now, it is clear that the complex is a 



nonamer. Plate 1 (left) shows a projection map obtained by Hugh Savage at 7 A for lhl.! 

best image with p22121 symmetry applied. The individual LHII complexes an; 
organised in rings with an outer diameter of 76 A, similar to our previous data from 
tetragonal crystals. The non-crystallographic nine-fold symmetry within each ring is 
clearly visible. Around the central hole, nine peaks representing the ex subunits are 
seen, whilst on the outside a further nine peaks are present, corresponding to 
subunits. One of the LHll complexes was cut out of the symmetrized projection map -and rotationally averaged in reciprocal space (plate 1, right). The inner helices are 
almost perpendicular to the membrane plane, whereas the outer helices appear to be 
tilted. Since the structure of urn complex from Rps. acidophila was recently solved 
by X-ray crystallography at 2.6. A resolution, Hugh Savage has been able to make the 
most detailed comparison of an X-ray and an EM structure so far. The way the 
crystals have been obtained and also the radiation applied was very different. 
However, the overall arrangement of both LHII complexes is very similar, but nOl 

identical. A number of differences can be explained by differences in the polypeptide:: 
sequences. An important result is that a nonamer arrangement is present in different 
bacteria and, more importantly, that the assemblies found in the 3D crystals are not 
produced as artefacts of the crystallization procedure. The EM work is a collaboration 
with Werner Kiihlbrandt, EMBL. 

Plate 1. (left) Projection map of LHn from Rhv. sulfidophilum at 7 A resolution with 
p22l2l symmetry applied. One unit cell is shown (a axis is vertical, b horizontal). 
(right) Rotationally filtered projection map for one LHll complex cut out from the 
map shown on the left The scale bar drawn correspoonds to 20 A. 

Bacterial bel complex 

Besides the reaction center (RC) and the light-harvesting (LH) complex, the 
cytochrome bCl complex is the third membrane protein involved in photosynthetic 
energy conversion. Photons are absorbed by the LH complexes and the excitation 
energy is transferred to the Re, where a charge separation is followed hy electron 
transport across the membrane. As a result, a quinone molecule is reduced. which is 
then reoxidised by the bCl complex. Since the three-dimensional structures of the Ii r5t 
two membrane proteins involved in photosynthesis have been detennined by X-ray 
crystallography, the high resolution structure of the cytochrome bCl complex is what 
is missing in order to follow the path of photosynthesis on the atomic level. We:: 
continued the screening of halophilic and thermophilic bacteria to find a source for 
the cytochrome bel complex suitable for structural studies. The bacterial bet complex 
has the advantage that it consists of only 3 protein subunits (compared to 11 of lhe 



mitochondrial complex) and that it is accessible to protein engineering studil:!s. 
Guillermo Montoya and Kai te Kaat found one organism which shows an increased 
stability of the complex (full activity for more than 3 weeks) and an increased 
quinone content (routinely: 5-7 quinones per complex) compared to other bacteria. 
The complex is a dimer and can be disassembled into monomers depending on the 
detergent The redox potentials of the cofactors have been determined and Claudio 
Moser has cloned and sequenced the genes encoding the bel complex. The overall 
homology to· other bacteria is about 70 %. We are now studying the stability in detail. 
2D and 3D crystallization experiments have been started. 

Melibiose pennease 

We continued our efforts on Melibiose permease (melB) from E. coli. Isabelle Mus-
Veteau and Cecilia Svensson were able to improve the purification method so that the 
protein is more homogeneous and stable. 3D crystallization experiments arc 
continued. The project is a collaboration with G. Leblanc, CEA Villefranche-sur-ml:!r. 

SRP (signal recognition particle) 

SRP is a ribonucleoprotein particle which plays an essential role in the transport of 
secretory proteins to the endoplasmic reticulum (ER) and the cytoplasma membrane 
in eucaryotes and bacteria, respectively. In E. coli> SRP consists of a single protein, 
named ffh, and a 4.5 S RNA, whereas in eucaryotes, it is build up from six 
polypeptides and a 7S RNA. In E. coli , only one protein has been identified as the 
SRP receptor, called FtsY or SR a homologue, whereas in eucaryotes two proteins. 
SR ex and SR have been discovered. So far, no high-resolution structure is available 
of any component of SRP. We have continued to work with FtsY. Cecilia Svensson 
and GuillellIlo Montoya have been able to improve the crystals (plate 2). The crystals 
diffract to beyond 2 A and search for heavy atom derivatives has been started. This 
project is a collaboration with Joen Luirink, Amsterdam. 

Plate 2 : (left) needles of FtsY full-length protein; (right) improved crystals of thl:! 
modified protein. 

PAPS reductase 



PAPS reductase is an enzyme from E. coli involved in sulphur metabolism. Our 
interest is to understand how this protein is able to participate in electron transfer 
without having cofactors bound to it. The protein has a Mw of 28kDa and is active as 
a dimer in solution. Since the originally used crystallization conditions interfered with 
the heavy atom soaks, the conditions have been changed. Cecilia Svensson was able 
to improve the crystals and screening for heavy atom derivatives was continued. We 
obtained one Pt derivative so far. The project is a collaboration with Jens Schwenn, 
University Bochum. 

Publications during the year: 

Montoya, G., Cyrldaff, M. & Sinning, I. (1995) Two-dimensional crystallization and 
preliminary structure analysis of light harvesting n (B800-850) complex from the 

purple bacterium Rhodovulum sulfidophilum , 1. Mol. BioI. 250, 1-10. 

Collaborations: 

Crystallization and structure determination of ATP/ADP carrier 
G. Brandolin, CNRS Grenoble, France 

Structure determination of components of mammalian signal recognition particle 
B. Dobberstein, 2MB Heidelberg, Germany 

Structure determination of urn from Rhv. sulf. by electron crystallography 
W. Kiihlbrandt, EMBL Heidelberg 

Crystallization and structure determination of melibiose permease 
G. Leblanc, CEA Villefranche sur Mer, France 

Structure determination of components of bacterial signal recognition particle 
J. Luirink, Vrije Univ. Amsterdam, The Netherlands 

Crystallization and structure determination of phosphate carrier 
B. Persson, Univ. Stockholm, Sweden 

EPR spectroscopy on cytochrome bel complex 
A.W. Rutherford, CEA Saclay, France 



Structure determination of PAPS reductase 
J. Schwenn, Univ. Bochum, Gennany 
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Research report 1995: Irmi Sinning 

members of the group: 

Group leader: Inngard Sinning, since 1994 

Fellows: Guillermo Montoya (Zaragoza), EMBOIEU, since 1994 
Claudio Moser (povo), EUIEMBL, since 10/94 
Simon Rodgers (Oxford), DFG since 9/95 

Visitors: Kai te Kaat (Strasbourg) 
Isabelle Mus-Veteau (Villefranche s.m.) EMBO, 3/95 
Hugh Savage (York) EMBL, since 5195 
Christine Hager-Braun (Regensburg) 
Eckhart Bindewald (Heidelberg) 

Assistants: Cecilia Svensson (Uppsala), since 1994 

publications 1995: 

Montoya, G., Cyrklaff, M. & Sinning, I. , Two-dimensional crystallization and 
preliminary structure analysis of light harvesting II (B800-850) complex from the 
purple bacterium Rhodovulumsulfidophilum. (1995) I. Mol. BioI. 250, 1-l(t 

Deisenhofer, I., Epp, 0., Sinning, 1 & Michel, H., Crystallographic reiinement at 2.3 
A resolution and refined model of the photosynthetic reaction centre from 
Rhodopseudomonas viridis (1995) I. Mol. BioI. 246, 429-457. 

Bjornestedt, R., Stenberg, G., Widersten, M., Board, P., Sinning, 1, Jones, T.A. & 

Mannervik, B. Functional significance of arginine 15 in the active site of human 
class Alpha glutathione transferase Al-l (1995) I. Mol.Biol. 247, 765-773. 

Cameron, A. D., Sinning, I., l'Hermite, G., Olin, B., Board, P.G., Mannervik. B. & 

Jones T.A., Structural analysis of human alpha-class glutathione transferase AI-I in 
the ape-form and in comple with ethycrynic acid and its glutathione conjugate (1995) 
Structure 3,717-727. 
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J. P. M. Postma (until May 1995), P. Herde 
P. Kanellopoulos, B. Agianian 
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S. Butterworth, S. Hamodrakas, C. Kavounis, K. Petratos, 1. 
P. M. Postma, P. Sebastio, B. Vallone 

Crystallographic Methods 

The aim of the group is to implement and develop methods that facilitate macromolecular 
crystal structure determinations. 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 realised when closely connected with an active research effort using the 
supported facilities. 

X-ray Instrumentation 
The area detector systems have been heavily used during the year, with the in-house 

demands such that we have been able to accommodate few external users. A third device for 
collecting data at cryogenic temperatures has been installed on an image plate scanner and 
techniques for characterizing crystals and then storing them at liquid nitrogen temperatures for 
future use has been further improved. 

Electron Density Map Fitting 

A prioiri identification of helical regions in a poor quality MIR electron density map using the 
method outlined in last years annual report looks promising, although algorithmic efficiency 
needs to be increased to make the approach practical. The search for templates was 
however less satisfactory and further improvement of the procedure is required. The fonnalism 
necessary for identifying position in a sequence from the electron density map and a Ca trace is 
being developed. 

PDB access system 

During the year the further development of the PDB Access System has continued. A couple of 
stand-alone data analysis programs have been written for outside users. A program to analyse 



the contacts between helices, a program to give a full analysis of the omega,phi,psi angles in all 
protein entries in the PDB release and a program that gives statistics of the occurrence of a 
specific amino acid sequence. 
Activities have been mainly focused on the interface with the PDB access system. For this 
purpose the general query program QUE as described in research report 1992 has been 
redesigned in order to gain in CPU speed, flexibility and ease of maintenance. The current 
impleme1!tation allows four different objects (sheet, helix or strand, group (i.e. aminoacid, 
nucleotide, heavy metals etc .. ) and atom) in a PDB entry to be queried. In principle any number 
of these objects can form part of the query. Each object can be further specified by attributes. In 
this way relatively complex queries are possible. Much effort has also been put in making the 
query environment user customisable. The current implementation allows a user to view the 
data using their own classification of entries and groups. 
The current interface consists of three GUI's implemented using the Tclffk toolkit and one 
central query program (QUE) written in standard C. This allows easy transfer to any 
architecture that has the Tcl/l'k libraries installed and which is equipped with a C compiler. 
There are three Gurs. WHUD is the central user interface as described in the previous research 
report. MKCLASS-ID allows the classification of PDB ID's. In this way it is possible to view 
the PDB data in such a way that, for instance, all lysozyme mutants are placed in one class or, if 
desired, are not visible at all. MKCLASS-GRP is a similar to MKCLASS-ID but classifies 
groups (eg amino acids) rather than proteins. These components of the query system are tied 
together in such a way that customisation is straightforward. For ease of maintenance utilities 
have been written to update the appropriate data files. The current version is available for public 
use. 

Single-stranded nucleic acid binding proteins 

1) Adenovirus ssDNA Binding Protein (DBP) (with D.Tsemoglou and P.C. van der Vliet) 
We have previously described crystals of the C-terminal domain of DBP 
obtained from a baculovirus expression system, in complex with a 16mer ssDNA. A derivative 
search at 6A resolution was carried out but produced no useful information, largely because of 
the extreme radiation sensitivity of the crystals. We have since been able to solve the molecular 
replacement problem using, as a model, the asymmetric unit of the second crystal form of 

the structure of which we determined last year. After some model optimisation, a 
difference map shows extra density in one region where we expect to fmd ssDNA bound. 
During the year we have established conditions by which we are able to flash cool the crystals 

o 
to lOOK and still retain diffraction, though weak, to SA. Data to this resolution has been 
measured at the ESRF close to the Zn edge. 
We have constructed a deletion mutant in which a loop is removed which is not visible in the 
electron density of the C-terminal domain structure, but which is thought to fold after binding to 



ssDNA. The protein has been expressed and partially purified. The mutant shows not only 
reduced binding to ssDNA but also reduced cooperativity of binding. Small crystals of the 
mutant have been obtained but are not yet of diffraction qUality. The .6N IlC deletion mutant 

(175-512) reported last year has been shown to able to stimulate DNA replication but not origin 
specific initiation of replication. 

2) NS2 from bluetongue virus (with P.Roy) -NS2 from bluetongue virus is a ssRNA binding protein involved in viral morphogenisis. We 
reported last year that crystals of the protein have been obtained diffracting to a maximum 
resolution of 3.5A, with spacegroup P61 (or P6S), a = 104.1,A. and c = 81.1,A.. The crystals 
however, depending on details of crystallisation, contain differing proportions of fragments of 
the 41kD (357aa) protein. The proteolysis pattern is similar to that obtained with chymotrypsin 
and indeed serine protease inhibitors prevent proteolysis just as they prevent crystallisation. 
Having failed to improve the crystals we have produced and purified a truncated protein (1-
227). The solubility is poor, the material aggregates upon concentration and only small crystals 
have been obtained. We are producing other constructs, with and without fusion proteins, 
which contain the two domains of the protein (eg 1-177 and 178-357). 

3) LEF3 from baculovirus 
This is a 43kDa non-sequence specific ssDNA binding produced by baculovirus, and which we 
believe functions in DNA replication. The protein has been isolated and purified and shown to 
bind to ssDNA. Crystallisation trials are in progress although the protein is polydisperse in 
solution. 

4) ICPS from herpes simplex virus 1 (with N.Stow) 
ICP8, like the adenovirus ssDNA binding protein, is a ssDNA binding protein essential for 
viral DNA replication. It is also involved in control of gene expression. We have purified the 
protein obtained from a baculovirus expression system. Again like DBP the protein is 
oligomeric in solution but the oligomer size and spread is smaller. CrystaJJjsation trials are being 
conducted. 

5) GBP (with H.Berman) 
This 34kDa G-strand binding protein protects the telomeric ends of Chlamydomonas reinhardtii 
DNA It binds specifically ssDNA with two or more repeats of the sequence TT1T AGGG. The 
protein is expressed in E. coli but can only be isolated and purified using a protocol involving 
denaturation and renaturation. The purified protein is polydisperse in solution both in the 
presence and absence of the DNA recognition sequence and shows very poor solubility. 

Other collaborative projects 



1) Concanavalin A complexes ( with s. Hamodrakas) 
The crystal structures of concanavalin A (ConA) in complex with 4-nitrophenyl-a-D-
mannopyranoside and 4-nitrophenyl-a-D-glucopyranoside have been determined to 2.75A and 
3.0A respectively. The complexes are isomozl,hous, spacegroup P21212, with approximate cell 
dimensions a=135A, b=155A, c=71A. The structures indicate that the greater stability of 

complexes is due to complex set of interactions that involve the 02 of 
the saccharide in particular. The structure of a triclinic form of ConA has been determined to 
2.4A. The crystals have a=78.8,A, b=79.3A, c=133.3A, a=97.1°, (3=90.2°, r=97.5°. The 
structure indicates that the difference in conformation of the ConA tetramer between the 1222 
crystal form and complexes of ConA with saccharides is probably due to the crystal packing in 
that crystal form. In the triclinic crystal form. the tetramer has a conformation very similar to that 
in the saccharide complexes and the packing is far more open than in the 1222 crystal form 
(72% vs 55% solvent). The structures of ConA complexes with methylumbelliferyl-a-D-
mannopyranoside and metbylumbelliferyl-a-D-glucopyranoside have also been detennined and 
analysis of the structures is still in progress. Atttempts to obtain structural information on 
complexes of ConA with either fructose or various hydrophobic ligands have been unsuccesful. 
Although there is some indication of additional electron density in difference Fourier syntheses 
it is insufficient to be convincing evidence of a specific binding interaction. 

2) Transcription factors 
We have expressed and purified a construct of the DNA binding domain of the transcription 
factor NFl comprised of residues 1-220 ( collaboration with D. Suck). This construct is no 
more soluble than others we have tried and we are continuing to work with still smaller 
constructs (collaboration with P.C.van der Vliet). 
A 55kDA construct of the Drosophila GAGA factor comprising residues 136-518, which omits 
the oligomeristion (POZ) domain, has been expressed and purified ( collaboration with 
P.Becker). The protein is active according to a footprinting assay. Crystallisation trials are 
underway. 
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Caption Figure 1. 

A comparison of the sugar binding sites in 4-nitrophenyl-a-D-mannopyranoside, 4-

nitrophenyl-a-D-glucopyranoside and metbyl-n-D-mannopyranoside complexes of 
concanavalin A 

Visitors: 
Constantin Kavounis (Thessaloniki), Stavros Hamodrakas (Athens), Susan Butterworth and 
Paola Sabastio (Hamburg), Beatrice Vallone (Rome), Kyriacos Petratos (Heraklion) 



Collaborations: 
Prof. P. C. Vander Vliet Netherlands Adenovirus DNA replication 
University of Utrecht, Utrecht proteins 
Prof. P. Roy U.K. NS2 protein of bluetongue 
NERC Institute of Virology virus 
Oxford 
Prof. P. Bhattacharya USA Pattern Recognition 
University of Nebraska, Lincoln 
Dr. S. Hamodrakas Greece Concanavalin A sugar 
University of Athens, Athens complexes 
Dr. C. Kavounis Greece Integration host factor and 
University of Thessaloniki, ga1actokinase 
Thessaloniki 
Prof. B. Krebs Gennany Kidney bean purple 
University of MUnster, MUnster phosphatase 
Prof. J. Berman USA G-strand binding protein 
University of Minnesota, 
St.Paul 
Dr. N.Stow U.K. ICP80fHSV 
MRC Virology Unit 
Glasgow 
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CytoskeletaI and membrane proteins 

Group leader: M. Saraste 

Scientist: M. Wilmanns 

Fellows: S. Banuelos* (Bilbao) (Govn. of Spain), E. Baraldi* (Bologna) 
(EMBL), J. Castresana* (Bilbao) (EU), K. Djinovic* (pavia) (EMBO), U. 
Gohlke* (MOOchen) (EMBL), J. Hendriks* (Utrecht) (EMBL), M. 
Hyvonen (Helsinki) (EMBL), P. Lappalainen* (JyvaskyUi) (Acad. of 
Finland), A. Musacchio* (Rome) (EMBL), T. Olausson* (GOteborg), J. 
Pascual* (Palma de Mallorca) (EMBL) 

Visitors: H. Stark* (oulu), V.-P. Lehto* (Oulu), M. Pereira* (Oeiras) 

Assistant: A. Warne 

1995 was a good year for Beaujolais Noveau, Finnish ice hockey and 

cytochrome oxidase. The wine was fruity and light, the national team 

won the world championship, and two structures of the enzyme 

appeared in print. 

Cytochrome oxidase 

The crystal structures of both bacterial and mitochondrial 

cytochrome c oxidase will greatly advance our understanding of the 

functional features of this key respiratory enzyme. Both enzymes 

have an identical functional core made of three subunits which solely 

constitute the bacterial enzyme. They contain the active site for 

oxygen reduction, cytochrome c-binding site, proton-pumping 

apparatus, proton channels and electron transfer pathways. The 



additional subunits of the larger mitochondrial oxidase wrap around 

the functional core. 

Electrons from cytochrome c are transferred via a copper centre 

called eUA and a haem group to the bimetallic active site containing a 

haem iion and another copper (CUB). CUA resides in a membrane-

exposed domain that also contains a part of the cytochrome c-

binding site (Lappalainen et al., 1995). Our contribution to the 

structure of cytochrome oxidase was the determination of the crystal 

structure of this domain. 

Structure of eUA -binding domain 

The C-terminal domain of subunit II contains the CUA centre in 

cytochrome c oxidazing branch of the enzyme super family. The 

domain in the homologous quinol oxidases does not contain this 

centre but the copper site can be introduced to it by protein 

engineering. 

The membrane-exposed domain can be expressed in a soluble form. 

Crystallographic studies on the soluble subunit II fragment from 

quinol and cytochrome c oxidases have been in progress already over 

two years. Our efforts have been focused to the structure of the CyoA 

fragment, the C-terminal part of subunit IT of the E.coli quinol 

oxidase. In 1995, the high-resolution structures of the CyoA 

fragment and its engineered form containing the copper centre were 

determined at 2.5 and 2.3 A resolution, respectively. The CUA-



binding domain is structurally related to small blue copper proteins 

such as azurin and plastocyanin (Wilmanns et al., 1995). 

CUA is a unique copper site: it has two coppers in a mixed valence 

configuration. In agreement with the crystal structures of the entire 

cytochrome - c oxidase complexes, we found that the two coppers are 

close to each other at the distance of 2.5 A. They are bridged by two 

symmetrically positioned cysteine residues, and two histidines act as 

the terminal ligands. Two other ligands, the sulphur atom of a 

methionine, and a main chain carbonyl oxygen are also 

symmetrically arranged with regards to the Cu-Cu axis (Figure 1). 

The centre is chemically symmetric which explains the mixed 

valence behaviour of the coppers (Farrar et al., 1995). 

2D crystals of cytochrome oxidase 

2D crystallization of several bacterial oxidases has been carried out 

in our group by Tony Warne over the years (Warne et al., 1995). 

Currently, we are in a process of obtaining a projection map of the 

E.coli cytochrome bo complex at a resolution that better than 10 A. 
This structure may help us to compare the structure of a quinol 

oxidase with the crystal structures available for the cytochrome c 

oxidases. The crystals obtained with this enzyme are typically 

flattened tubes (Figure 2). EM images of these crystals have been 

taken in ice, and first projection density maps are being processed. 



Archaebacterial oxidases 

Our inventory of the archaebacterial terminal oxidases has resulted 

in novel genetic and biochemical data on respiratory components 

ofSulfolobus acidocaldarius. This archaebacterium contains a 

sofisticated respiratory system that is homologous to the components 

in eubacterial (and mitochondrial) respiratory chain (Castresana e t 

al., 1995). A corollary of this observation is that the common 

ancestor of Eubacteria and Archaea must have had a respiratory 

system related to the present-day machinery of oxidative 

phosphorylation in mitochondria. On the other hand, chlorophyl-

based photosynthetic apparatus was probably not present in this 

ancestor. Thus, aerobic respiration may be older that oxygenic 

photosynthesis and it may have evolved before dioxygen became an 

abundant component of atmosphere. We have called this 

evolutionary scenario the "respiration-early hypothesis" (Castresana 

& Saraste, 1995b). 

Spectrin domains 

Spectrin is a large elongated protein and the major component of 

membrane skeleton in animal cells. The spectrin heterodimer is 

made of antiparallel 0;- and p-subunits, each of which contain 

repeating units. The canonical repeat has ca. 106 amino acid residues 

and folds into a triple a-helical structure as revealed by the NMR 

studies carried out by Jaime Pascual (Figure 3). Unique domains that 

carry functional properties of spectrin are inserted between the 



repeats or found In the subunit termini. These functions include 

interactions with other components of membrane skeleton such as F-

actin and ankyrin. Weare trying to solve the three-dimensional 

structure of spectrin using the information on individual domains 

and their pairs as well as a global domain map of spectrin which may 

become available via electron microscopy. 

The N-terminus of is supposed to have the F-actin-binding 

region. It contains two copies of "calponin homology" or CH domains 

(Castresana & Saraste, 1995a). The C-terminal region of (l-spectrin 

may reside close to this actin-binding site. It is related to calmodulin 

and contains two active calcium-binding EF-hands (Trave et al., 

1995a). The NMR structure of the EF-hands with and without bound 

calcium have been carried out in collaboration with Annalisa Pastore. 

The comparison of the two structures has revealed the molecular 

mechanism of the calcium-induced conformational change in EF-

hands. Th hydrophobic interactions between the helices of an EF-

hand are affected by the binding of calcium to the loop connecting 

them. This leads to the movement of the helices relative to each 

other, and to a conformational change within the domain (Trave et 

al., 1995b). 

PH domain binds a phospholipid 

The C-terminal domain of Ji-chain and N-terminal domain of the (l-

chain associate spectrin in the tetramer which is the actin cross-

linking form of protein. The general isophorm of Ji-spectrin contains 



a "pleckstrin homology" or PH domain in its C-terminus. The PH 

domain is particularily abundant in signalling proteins. Studies by us 

and others suggest that at least some PH domains specifically 

recognize the bis-phosphorylated head group of phosphatidyl inositol 

(Figure 4). This interaction may lead to a mechanism that can be 

involved in reversible anchorage of proteins containing PH domains 

to cell membranes (Hyvonen et al., 1995). 

SH3 and WW domains, and their ligand complexes 

The studies on interactions between SH3 domains and their ligand 

interations have also continued in 1995. We are in a process of 

determining several high-resolution structures of SH3 domains and 

their engineered variants. Matthias Wilmanns has involved in these 

studies in collaboration with the Serrano group. Crystal structures of 

cyclic permutations of the spectrin SH3 domain are being determined 

in conjunction with folding studies on the engineered protein 

molecules and with design of high-affinity ligands for the domain. 

The WW domain is a novel discovery. It is named after two 

conserved tryptophans that are characteristic for this small module. 

As the SH3 domain, it appears to bind peptides that are rich in 

pralines. We collaborate with the Oschkinat group to determine an 

NMR structure of the WW domain from the human Yap kinase 

associated protein in complex with a proline-rich peptide. 
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Collaborative projects 

Jacqueline Farrar, Nicholas Watmough, Colin Greenwood and Andrew 
Thomson (Norwich) Spectroscopy and kinetics of cytochrome oxidase. 

Jan-Willem Gier and John van der Oost (Amsterdam) Molecular 
biology of bacterial cytochrome oxidases 

Manuela Pereira and Miguel Teixeira (Oeiras) Molecular biology of 
bacterial cytochrome oxidases 

Joann Sanders-Loehr (Portland) Resonance Raman spectroscopy of 
cytochrome oxidase 

Vell-Pekka Lehto (Oulu) Function of SH3 domains 



Figure legends 

Figure 1. Dinuclear eUA centre of cytochrome c . oxidase. Two coppers 

(black dots 1 and 2) are at 2.5 A distance from each other. They are 

bridged by two cysteine sulphor atoms. The distal ligands are 

histidines, and the two additional ligands are a methionine sulphor 

and an oxygen atom of a main chain carbonyl group. The centre has 

purple colour (not shown). See Wilmanns et al. (1995) for details. 

Figure 2. A 2D crystal of the E.coli cytochrome bo quinol oxidase. This 

crystal is a flattened tube of ca. 0.5 J.1m diameter embedded in 

negative stain. See Warne et ale (1995) for details. 

Figure 3. The triple helical structure of the spectrin repeat. The NMR 

studies have until now resulted in the assignment of the secondary 

structure and the fust restraints concerning the helical packing. 

Figure 4. A model for the interaction of the spectrin PH domain with 

phosphaditylinositol bisphosphate. Many PH domains have a specific 

binding site for the phospholipid head. This recognition may lead to a 

reversible anchorage to cell membranes, which may be controlled by 

the Ptdlns( 4,5)P concentration. See Hyvonen et al. (1995). 
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Mechanisms and catalysis of disulphide-coupled protein folding 

Group leader: T.E. Creighton 

Scientists: N.J. Darby, J. Kemmink 

Fellow: T. Kortemme (EMBL) 

Visitors: T. Laufen (Koln)*, N. Takahashi (Kyoto)* 

Assistants: E. Penka, R. Vincentelli 

The main goal has been to elucidate the mechanism of protein folding, especially 
that coupled to disulphide bond formation. This work has now been extended to 
investigate the mechanism of action of in vivo catalysts of protein disulphide 
formation from both eukaryotes and prokaryotes. 

Disulphide-coupled protein folding pathways 

Previous work had elucidated the kinetic pathway of disulphide formation and 
folding in reduced bovine pancreatic trypsin inhibitor (BPTI). The 
conformational basis of the pathway had also been elucidated by determining the 
conformations of all the important folding intermediates. This is the most 
detailed protein folding pathway known. The roles assigned particular 
intermediates with non-native disulphide bonds had been questioned by others, 
however, so this aspect was investigated further. The results confirmed the 
original pathway by demonstrating that essentially all of the molecules of 
reduced BPTI pass through these intermediates, that this was the energetically 
most favourable pathway, and that the pathway was essentially blocked in the 
absence of these intermediates. 

A notable feature of the BPTI pathway was the occurrence of quasi-native 
intermediates, with incomplete disulphide bonds but a fully folded 
conformation. This was attributed to the high stability of the folded 
conformation of native BPTI, which would still be stable in the absence of one of 
the native disulphide bonds. It was predicted that one particular such quasi-
native intermediate of BPTI would exist instead in a partly-folded conformation 
if the native conformation were less stable. This prediction was confirmed using 
the intermediate from a less stable homologue of BPTI from the venom of black 
mamba (in collaboration with M. Hollecker, CNRS, Orleans). 

Catalysts of disulphide formation 

Protein folding coupled to disulphide formation is catalyzed in vivo by a group 
of enzymes that are related to thioredoxin; each has a -Cys-X-Y-Cys- motif at its 
active site, which cycles between the dithiol and disulfide forms. The disulphide 
folding pathways of proteins such as BPTI and of several other proteins 
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elucidated by this group are ideal models to determine how these catalysts 
function. 

Catalysts of the bacterial peri plasm 

The major catalysts of the periplasm of Escherichia coli, OsbA and OsbC, were 
identified genetically by others and characterized biochemically by this group. 
Considerable progress has been made in elucidating a quantitative description of 
the reactioI1 mechanisms of these catalysts with their substrate proteins. For both 
proteins, the contribution of binding interactions and the unusual chemistry of 
the active site cysteine residues has been established. The remaining challenge is 
to understand the structural basis of these factors. Crystals of OsbC labelled with 
selenomethionine were prepared for the group of P. Metcalf, to assist in their 
determination of the crystal structure. 

The functions and mechanisms of the proteins OsbO and OsbE, discovered by S. 
Raina and O. Missiakas (Universite de Geneve) to be involved in disulphide 
formation, are being characterized. 

The eukaryotic catalyst, protein disulphide isomerase (PDI). 

PDI is a large complex protein, consisting of 491 residues, that catalyzes both 
disulphide formation and rearrangement in the eukaryotic endoplasmic 
reticulum, as well as having other functions. The structural basis of these 
functions is being determined by using protein engineering to dissect POI into its 
individual domains. The number and limits of these domains are being 
elucidated by a combination of protein engineering to produce appropriate 
fragments comprising at least one domain, followed by proteolysis to trim 
unstructured residues from the termini. This approach has resolved some 
uncertainties about the number and identities of the domains of this protein. At 
the present time, the modular structure of the polypeptide chain is believed to 
consist of four domains, in the order a-b-b'-a', with a further segment of acidic 
residues at the C-terminus; three of these domains have been prepared as stable 
individual species. 

The structure of the a domain has been determined by heteronuclear multi-
dimensional NMR (in collaboration with K. Oijkstra and R.M. Scheek, 
University of Groningen) (see Plate xx). As expected from its amino acid 
sequence, its structure is similar to that of thioredoxm, which functions as a 
reductant of disulphide bonds in most organisms. The structure of the b domain, 
which is not related to any known protein other than the b' domain, is being 
determined in the same way. 

The functional and stability properties of the isolated domains are being 
determined and compared to those of the intact protein. This has been 
complemented by preparation of various proteins in which the domains are 
combined or mutated. This information is being used to build a complete 
description of the catalyst and to understand the structural basis of pors complex 
functions. 
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Determinants of disulphide bond stability in the thioredoxin fold 

A remarkable property of the catalysts of disulphide formation, DsbA, OsbC, and 
the PDI a and at domains, is that they form very unstable disulphide bonds at 
their active sites. In contrast, the homologous protein thioredoxin forms a 
disulphide bond that is up to 7 kcal/mol more stable. Surprisingly, the structures 
of these disulphide bonds are indistinguishable, despite their great differences in 
stability. 

-It now appears that it is not the disulphide bonds themselves that differ, but the 
reduced forms of the proteins. The more stable the reduced form of the protein, 
the less stable the disulphide form. This stabilization of the reduced form 
appears to occur primarily by stabilization of the thiolate anion of the accessible 
cysteine residue. The greater the stabilization of the thiolate anion, as measured 
by its pKa value, the more stable the reduced protein and the less stable the 
disulphide form. The molecular mechanism of this stabilization of the thiolate 
anion involves its position at the N-terminus of an a-helix, and the precise 
mechanism is being elucidated using model helical peptides and the various 
proteins, including the isolated a domain of PDI. 

These studies are also being extended to E. coli thioredoxin, as there is 
uncertainty as to the pKa value of its thiol group in the reduced form. 
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Plate xx. Ribbon depiction of the folded structure of the a domain of protein 
disulphide isomerase determined using heteronuclear multidimensional NMR. 
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Collaborative projects 

F. Ascoli, Universita degli Studi di Roma, Roma, Italy: Processing of the BPTI 
precursor. 

C.M. Dobson & S. Radford, Oxford University, Oxford, U.I<: Conformations of 
the disulphide intermediates of a-lactalbumin, and their interaction with 
chaperones. 

R Glockshuber, ETH, ZUrich, Switzerland: The catalytic activity of DsbA. 

S. Harding, University of Nottingham, Nottingham, U.K.: Hydrodynamic 
studies of POI and its domains. 

M. Hollecker, CNRS, Orleans, France: The conformations of disulphide 
intermediates of the black mamba toxin K 

J. Martin, Uru.versity of Queensland, Brisbane, Australia: Crystallographic 
studies of the function of DsbA and its interaction with peptide substrates. 

S. Raina, D. Missiakas, & C. Georgopoulos, Universite de Geneve, Geneve, 
Switzerland: The functional properties of E. coli proteins involved in protein 
disulphide formation. 

S. Robertson & A. Cooper, University of Glasgow, Glasgow, U.K: The 
thermodynamic properties of partly-folded disulphide intermediates of a-
lactalbumin. 

R M. Scheek & K. Dijkstra, University of Groningen, Groningen, The 
Netherlands: NMR investigations of the structures of peptides and proteins. 

H.D. Soling, University of Gottingen, Gottingen, Germany: Ca2+ binding by POI 
and its domains. 
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Protein Design and Genome 
Informatics 

Group Leader: Chris Sander 

Staff Scientists: Gerrit Vriend, Liisa Holm 
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P. Cronet"', U. Hobohm"', R. Hooft, C. Ouzounis·, 
J. Pascual"', M. Sagermann·, R. Schneider, D. 
Thomas· 

Visitors: P. Bork, N.Brown·, Hed.vig Hegyi·, 
Joerg Schultz·, J. Boyle·, A. de Daruvar, 
R.Rodriguez"', L. Oliveira"', J. TamameS"', A. 
Valencia'" 

Assistant: M. Scharf'" 

Proteins and Genomes 
How is genetic information translated to protein 
structure and function? How are proteins 
constructed to effect their biological functions ? 
How can they be modified as probes of biological 
function or to achieve technical functionality? The 
group's interdisciplinary team worked on these 
questions using primarily computational tools, 
i.e., theoretical concepts, algorithms, software, 
databases and computer hardware. 

Methods for large scale genome analysis were 
embodied in the GeneQuiz software system and 
new methods were developed for the detection of 
sequencing errors, for the aSSignment of protein 
functional classes, and for deriving functional 
information of a predictive nature for new protein 
sequences from database searches and single-
sequence pattern analysis. These tools were 
applied to the first two completely sequenced 
bacterial genomes, that of haemophilus inftuenzae 
and mycoplasma genitalium. Computer power for 
large scale processing was harnessed by using 
parallel processing experience gained in the 
MaxHom project funded by the EC's Europort2 
(Esprit) programme. New methodology and 
expertise was gained in the analysis of the 
growing field of modular proteins, in the 
predic::tion of function-specific residues from 
multiple sequence alignments (5equenceSpace), 
and in the development of a property-based 
database search method (Prop5earch). Structural 
information about new proteins can be obtained 
via homology model building, improved through 
rotamer analysis and automated in WHATIF, or 
through direct prediction of secondary structure 
and 3D structure properties from sequence 
information (PHD), including the prediction of 
interresidue contacts. 

An important foundation of the groups work is in 
the processing of protein structure and sequence 
data. This includes the validation of 30 structure 

data using WHATIF, the comparison of all known 
protein structures using the OAU methodology, 
the derivation of the HSSP database of sequence-
structure alignments and the FSSP database of 
structurally related protein families. Flowing 
from these are new methods for deriving detailed 
function and structure predictions in and beyond 
the twilight zone of sequence similarity. And a 
classification scheme for the known part of the 
universe of all protein structures. 

Toward the end of 1995, several group members 
became independent or went on to greener 
pastures: Gerrit Vriend, with Rob Hooft as 
postdoc, in EMBL-HO's new Biocomputing Unit; 
Peer Bork, who recruited Nigel Brown, John 
Boyle, Hedvig Hegyi, Joerg Schultz and Yanping 
Yuan, at MDC Berlin with a guest role in the 
Heidelberg Biocomputing unit; Uwe Hobohm to 
Bremen Unversity and then to Hoffmann LaRoche 
Basel; Martin Sagermann to work with with 
Brian Matthews in Oregon; Philippe Cronet to the 
university of Montpellier; Michael Scharf to work 
for the Take Five software firm; and Jaime 
Pascual to continue his predoc project with Matti 
Saraste in Heidelberg. 

The Sander group has now started operations at 
EMBL's new European Bioinformatics Institute in 
the Cambridge (UK) area, as part of EMBL-EBI's 
research programme. Close collaborative links 
and a small group presence remain with EMBL-
Heidelberg. Genome informatics and protein 
structure remain the main focus of the group. In 
what follows, only selected topicS are presented, 
for space reasons. Please refer to the list of 
publications for details of all projects. 

GeneQuiz analysis of the proteins of the first two 
completely sequenced. bacterial genomes 
A major goal of genome sequencing projects is the 
complete description of the function of all 
proteins. For most proteins sequenced in genome 
projects, an experimentally determined function is 
not available. Fortunately, evolutionary 
relationships can be exploited to predict the 
function of many other proteins from their amino 
acid sequence. 

When the first two complete sequences of 
bacterial genomes became available, we analyzed 
1680 open reading frames of Haemophilus 
injluenzae (HI) and the 468 open reading frames 
of mycoplasma genitalium. Tentative function 
assigrunents are available for more than 60% of 
the predicted protein genes and 30 structures 
modelled by homology for about 10%. For HI, we 
reported a new set of 148 putative protein 
functions (including 65 enzymes, 16 transporters 
and 7 proteins involved in electron transfer) and 
confirmed most of the 1007 already identified by 
TIGR. 

A genome information server provides public 
access to the derived functions for each completed 



genome (yeast is next), the underlying sequence 
alignments and related information: 
http://'W'Ww.sander.embl-heidelberg.de 
/genequiz/. The results are in the form of 'living' 
features, i.e. the feature tables are periodically 
updated as new data arrives, creating a growing 
network of linked information. 

Detection of sequencing enolS 
Preliminary estimates indicate a considerable 
number of various errors in public sequence 
databases. In particular, frameshifts and artificial 
or overread stop codons in DNA sequence change 
the translation into the gene product drastically. 
Based on homology searches, we are developing 
a fast, sensitive tool that checks for putative 
sequencing errors. The method can be routinely 
incorporated into genome scale sequence analysis 
tools and has already proven useful in the 
analysis of several probably heavily degenerated 
proteins. 

Assignment of protein functional classes 
The increasing information in sequence databases 
is beginning to allow a quantitative approach to 
the distribution of protein functions in living 
organisms. In a pilot study, we have developed a 
method aimed at classifying all protein sequences, 
initially in terms of three basic functional classes. 
The method uses database annotations and an 
initial set of sequences classified by human 
experts. From this information a dictionary of 
keywords is derived and used for further attempts 
at classifying the full database in an iterative 
procedure. The final dictionary contains 460 
keywords uniquely assigned to one of the 
functional classes and is able to classify 81% of the 
sequences that have useful keywords in the 
database. The method is applied to the entire 
protein sequence database and interesting 
differences are observed in the functional 
composition in genomes of different species. 

Fast and sensitive database searches on parallel 
computer platforms 

Database searches are a computational bottleneck 
in bioinformatics. As part of an ESPRIT project 
(EUROPORT2) we have implemented an 
extended version of a dynamic programming 
algorithm on parallel multiple-instruction-
multiple-data computers, using message passing 
for interprocessor communication. The MaxHom 
software efficiently compares protein sequences 
or sequence profiles with a large database of 
protein sequences. Top-scoring hits indicate 
biologically relevant similarities. All sequences 
Significantly similar to the query sequence are 
reported as an aligned family (multiple sequence 
alignment). An important design goal was 
portability to a wide range of parallel machine 
architectures, ranging from heterogeneous, wide 
area networks of workstations up to masSively 
parallel systems with distributed memory and up 
to 128 processors. The speed of the database 

searches rivals that of the fastest known 
sequence-sequence search codes on single-
instruction-multiple-data machines. The 
software is useful in the area of computer aided 
drug design in the pharmaceutical industry and is 
routinely used to produce ever-growing releases 
of the HSSP database. See the Web pages 
http://"lDww.gm.d.de/SCAI/europoTt/ or 
http://"lD"lDw.embl-heidelberg.de/-schneide/ 

Analysis of mochilar proteins 

The comparative analysis and classification of modulal 
proteins using sensitive motif and profile search metho 
was continued. The main focus in 1995 was the detectio 
new cytoplasmic signalling modules and the analysis oj 
modular disease genes. 

Soon after the identification of the WW domain that 
performs a function analogous to SH3, the 3D 
the domain itself and in a complex with bound peptides 
was solved in H.Oschk.inats lab. Sequence analysis was 
crucial to identify peptides that bind to WW modules. A 
protein interaction (PI) domain that is able to bind 
phosphotyrosine residues (also known as PTB domain) 
analogous to SH2 has been identified in numerous 
signalling proteins; subsequent mutation analysis revea 
residues crucial for ligand binding. The large amount oj 
experimental data published now about both domains 
strongly suggest more complex signalling cascades 
involving more than SH2 and SH3 recognition. 

Due positional cloning and other fast developing 
techniques, genes that are involved in inherited disease: 
are often sequenced but mostly poorly characterised 
biochemically. Thus, identification of domains might gi 
the first clue as to their function. In addition to a WW 
domain in dystrophin and a PI domain in the Friedrich 
ataxia disease protein, module identification was erucic 
for the functional prediction of the gene product of 
polycystic kidney disease, an apparent mosaic protein Vi 

extracellular modules. Analysis of Huntingto 
disease gene product led to the identification of numero 
internal (HEAT) repeats that are are also present in 
various cytoplasmic membrane aSSociated transport 
proteins. Finally, internal repeats have been identified i: 
the breast cancer gene product, revealing the modular 
architecture of large parts of the molecule. 

Sequence space method. to predict functional 
residues 
The biological activity of a protein typically 
depends on the presence of a small number of 
functional residues placed at precise positions in a 
structural framework. A novel method that 
exploits subtle patterns of conservation for the 
prediction of functional residues was developed. 
The key invention of the method is a simple but 
powerful representation in which entire proteins 
as well as combinations of residues at particular 
positions are vectors in a generalized 'sequence 
space'. Residues specific for particular subfamilies 
are then indetified and predicted to be directly 
involved in protein function. Application to the ras 
P21 protein predicted involvement of residues on 



an antiparale11 edge beta strand, among others, in 
function. The recent crystal structure of the 
complex of ras p21 and part of raf kinase indeed 
shows that this region is involved in protein-
protein interaction. 
A sequence property appxoach to seardUng 
protein databases 
Currently available protein sequence alignment 
programs are not generally capable of detecting 
functional and structural homologs in the twilight 
zone of sequence similarity, i.e. when sequence 
identity is at or beloW' about 25%. We attempt to 
detect such weak similarities using an approach 
based on a notion of protein sequence simllarity 
radically different from that used in sequential 
alignment. The approach defines protein 
sequence dissimilarity (or distance) as a weighted 
sum of differences of compositional properties 
such as singlet and doublet amino acid 
composition, molecular weight, isoelectric point 
(protein property search or PropSearch). A search 
sequence is then scanned against a database of 
precalculated properties of known proteins, in 
search of significant similarities. In cases in which 
conventional alignment tools fail to detect 
similarities, PropSearch can be used to generate 
hypotheses about possible structural or functional 
relationships between a new sequence and 
sequences in the database. Available as a service 
under http://www.sander.embl-
heidelberg.de!propsearch!. 

'The molecularmod.e1ing system. WHAT IF 

Work on the molecular modelling and protein 
structure analysis program WHAT IF has 
continued. This program is now used by 400 
laboratories world wide. In 1995 the main 
emphasis was on the improvement of the general 
scheme of options. Considerable improvements 
were achieved in homology modelling, handling 
of nucleic acids, and the interfaces to GROMOS 
and the essential dynamics modules that have 
been developed by the molecular dynamics group 
in Groningen. A homology modelling server 
(based on WHAT IF) was initiated together with a 
server that can be used to evaluate homology 
modelling procedures. These servers will be made 
publicly available in mid 1996. 

Correlated mutations. 

Scanning protein structures for outliers and 
potential en'Ors 

The protein structure validation project has 
culminated in 1995 in the installation of a WWW 
server (BIOTECH) that combines the WHAT IF 
structure checking facilities with the verification 
software produced by the Wodak (ULB Bruxelles) 
and Thornton (UCL London) groups. This server 
is of use to crystallographers as it provides a very 
fast and simple way to show where in the 
macromolecule the atoms or residues are located 
that need attention. Several protein 
crystallographers at EMBL already use this 
service to save time during the refinement 
process. Our verification options have now been 
combined in the program WHAT CHECK. This 
program is currently in use by the PDB in the 
process of validating deposited structures. 

Structure prec:liction: secondaxy struc:h:lre 

Accuracy of predicting protein secondary structure 
and solvent accessibility from sequence 
information has been improved significantly by 
using information contained in multiple sequence 
alignments as input to a neural network system. 
The PHD method is now widely used by protein 
scientists world wide through Web and email 
access. For the protein structure prediction 
contest at Asilomar (CASP1), predictions for 13 
proteins were generated automatically. The 
results confirm that the estimate of 72% three-
state prediction accuracy holds up for newly 
determined structures. After some 30,000 served 
prediction requests, we conclude that the 
predictions of secondary structure segments 
(PHDsec) and solvent accessibility (PHDacc) are 
useful as a starting point for modelling of higher 
dimensional aspects of protein structure. 

St:rucIme prediction: transmembrane helices 

A new neural network system, PHDtm, predicts 
the locations of transmembrane helices in integral 
membrane proteins. The method uses 
evolutionary information as input in a window of 
13 adjacent residues: amino acid frequency, 
conservation weights, number of insertions and 
deletions, and position of the window with respect 
to the ends of the protein chain. Additional input 
is the amino acid composition and length of the 

In multiple sequence alignments one often observes pair9Nhole protein. A rigorous cross-validation test on 
of residues that stay conserved, or mutate in an apparenfltproteins with experimentally determined 
correlated fashion. Such residues often have a functionalocations of transmembrane segments yielded an 
role. We have tested a method to analyse correlated overall two-state per-residue accuracy of 95%. 
mutations on several families of seven transmembrane On known globular proteins as a negative control, 
helix receptors and derived sets of potentially functionalthe network system incorrectly predicted fewer 
residues. Several experiments have been initiated as a than 5% of globular proteins as having 
result of our hypotheses, and most results indicate that transmembrane helices. The method was applied 
correlated mutation analysis is an excellent technique foto all 269 open reading frames from the complete 
helping in the detection of functional residues. The Web yeast vm chromosome. Extrapolating to the 
server that summarises the GPCR results is used by entire yeast genome we expect that about one 
scientists in academia and industry alike. fourth of all proteins contain one transmembrane 

helix, and some 20% more than one. 



structure prediction: 3D - a new threaciing 
teclmique 

Homology modelling, currently, is the only 
theoretical tool which can successfully predict 
protein 3D structure, but breaks down when 
sequence similarity approaches the twilight zone, 
at about 25% identidal residues. Threading 
techniques attempt to go beyond this limit. In this 
new tbreading_ method, sequence information is 
translated into 'structure strings' of predicted 
secondary structure and solvent accessibility and 
these strings are then aligned one by one against 
a database of structure strings derived from 
known structures in the PDB. The best matches of 
predicted and known structure strings represent a 
3D structure prediction for the search protein that 
can be followed up by homology modeling. 

The results are encouraging in that about 20% of 
the top hits in such an threading search are correct 
(the hit is indeed a remote homolog of the search 
protein). A simple filtering procedure improved 
prediction performance to about 300/0 correct top 
hits, at the cost of reduce coverage (for some 
proteins no prediction is made). A combination of 
a threading search using structure strings with 
sequence information markedly improved the 
performance of the method for some cases. The 
method, called TOPIrS in its first incarnation, is 
now part of the PredictProtein server under the 
name PHDthreader. 

Analysis and classification of tJ:aee.climensional 
protein structures 

Most newly determined protein sequences can be 
claSSified into families by sequence homology. 
However, protein families are known to retain the 
shape of the fold even when sequences have 
diverged below the limit of detection of Significant 
similarities at the sequence level. These 
similarities can be detected by structural 
comparisons. We have continued to use the Dali 
method for this purpose. Three major 
developments were implemented during1995. 
First, the DAU/FSSP system now automatically 
maintains and updates an exhaustive all-against-
all comparison of all protein structures available 
from the Protein Data Bank. The computer cost is 
kept reasonable through incremental updates and 
the development of fast prefilters to the original 
Dali algorithm. Second, easy access to the 
resulting database is provided using browsers on 
the World Wide Web. The database has been used, 
for example, to define test sets and a standard of 
truth for assessing the correctness of sequence-
sequence or sequence-structure alignments. 
Third, an automatic database search. service for 
comparing newly solved protein structures 
against those in the Protein Data Bank was 
launched. This Dali server has performed over 
SOD searches for 3D-structure similarities on 
request in its first six months of operation. 

An example of biological discoveries based on 
structure comparison is the detection of the 
structurally conserved catalytic domain between 
kanamycin nucleotidyltransferase and DNA 
polymerase beta. The structural alignment 
revealed a conserved sequence pattern 
corresponding to the nucleotide binding site of 
these enzymes. Searching sequence database with 
this pattern led to the identification of five 
additional remotely related families of terminal 
nucleotidyltransferases as sharing the elements 
required for catalysis and the domain fold. All 
seven families are therefore predicted to achieve 
catalysis by the same conserved mechanism, 
although their biological functions vary from 
nucleic acid synthesis to regulation of metabolism 
and antibiotic resistance. 

Software, databases and compute SelVers 
Software and derived protein data are made 
available to the scientific community. The 
databases and services can be accessed from 
http://www.sander.embl-heidelberg.de/. 
http://1D1Dw.sander.embl-ebi.ac. uk/. 

Databases and software 

7TM Database of G protein-coupled 
receptors (GPCR) 

DSSP Database of protein secondary 
structures; DSSP software 

HSSP Database of structural families 
based on sequence comparison 

FSSP Database of structural families 
based on 3D comparison 

MODULES Colorful views of the most 
abundant protein modules 

PDB_SELECTDataset of representative protein 
structures 

PDBFINDER Database of summary information 
on known 3D structures 

SEQUENCE_SPACE Software for identification 
of functionally specific residues from 
multiple sequence alignments 

WHAT IF Software system for molecular 
modeling, database searches and 
drug design 

WHATCHECI< Standalone program for protein 
structure validation 

GENEQUIZ Database of automatic functional 
annotation of proteins for all 
completely sequenced genomes 

Compute seroers 

BIOTECH Server for Protein structure 
validation 

PREDICT_PROTEIN Prediction server for 
secondary structure, accessibility 
prediction, transmembrane 
segments and threaded 3D models, 
using MAXHOM, PHDsec, PHDacc, 
PHDtm and PHDthreader. 



PROPSEARCH Server for compositional search of 
sequence databases 

DAD Server for fast and exhaustive 
database searches in PDB, given a 
set of 3D protein coordinates 

Other projects and collaborations 

Sequence analysis and database searches of newly 
sequenced proteins. With groups at EMBL-
Heidelberg, Oslo University and elsewhere. 

Development of protein structure validation 
tools. With groups of J. Thornton (London), S. 
Wodak (Bruxelles), R. Kaptein (Utrecht), K. 
Wilson (Hamburg), E. Dodson (York). 

Development of a 3D structure modelling server. 
With M.Peitsch (Glaxo, Geneva). 

Modeling G-protein coupled receptors. With L. 
Oliveira, San Paulo, Brazil. 

Database of G-protein coupled receptors 
(GPCRDB). With K. Aberer, Darmstadt, 
Germany, F. Rippman, Merck, Darmstadt and 
others. 

Statistical models for families of proteins and for 
contact prediction. With Kevin Karplus, Kimmen 
Sjolander and David Haussler, UC Santa Cruz. 

Sequence analysis of yeast cosmids. With H. Voss 
and W.Ansorge, EMBL-Heidelberg. 

Analysis of sequences from B.cereus. With Anne 
Brit Kolstoe, Oslo. 

Modelling of Norrie disease protein. With 
Thomas Meitinger, Miinchen. 

Rapid identification of proteins from mass 
spectrometry data. With M Mann, EMBL-
Heidelberg. 
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Functional clock. for haemophilus influenzae. How 
much information is available for the almost soo 
proteins of this seconda completely sequenced 
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from Peer Bork (take from WW module paper) 
Arrangement of functional modules in proteins 
that contain the newly identified WW module. [ref: 
Peer's first WW paper] still missing 

PIA1EC. 
Structural-functional core shared by DNA 
polymerase beta and kanamycin 
nucleotidyltransferase 
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The research group focuses on the theoretical analysis of the 

sequence and structure of proteins and genes. The work begins with 

examination of sequence and structure databases to elicit basic 

structural and folding principles and then attempts to move forward 

to the ultimate goal of predicting tertiary structure from only a 

knowledge of the primary sequence. The specific projects of 1995 are 

described within this wider framework. 

Sequence Analysis 

An updated 3D-ali database 

An updated version of the 3D_ali databank (see Research Reports 

1992) was constructed to incorporate new protein structural and 

sequence data acquired since the original release in 1992. The 

databank has proved useful in many research fields such as protein 

sequence and structure analysis and comparison; protein folding, 

engineering, and design; evolution; and the like. The collection 

enhances present protein structural knowledge by merging 

information from proteins of similar main-chain fold with 

homologous primary structures taken from large databases of all 

known sequences. Tertiary structural superposition of the backbones, 

which yielded spatial and topological Ca atom equivalencing, were 

used to align the corresponding sequences into structurally related 

families. Known homologues were then matched to the structural 

alignments. The number of sequences is over 2.5-fold greater while 



that of the observed number of individual amino acid substitutions 

increases more than 7 -fold over the 1992 release. 
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The 3D_ali features have several advantages. No systematic error as 

could result from automatic topological equivalence methods is 

introduced in the structural alignments since they follow the 

published literature and are derived by the authors of the structures 

themselves who carefully considered H-bond patterns, functional 

features, loop alterations, dihedral angles, structural pecularities, 

and the like. Subsequences such as those in loops that cannot be 

reliably aligned in three-dimensions are not matched. Only folded and 

functional domains in proper N- to C-terminal order, and not 

substructural segments comprised of a few helices and strands, are 

considered. Related sequences without known architecture are added 

only when the residue identity level assures accuracy in alignment to 

those segments with known structure. All these 3D-Ali 

characteristics yield very distant and yet reliable multiple 

alignments. Updating of the databank can be easily performed by 

incorporating newly published structural alignments. However, given 

reliance on the latter, all possible folds with similar structure are 

not considered. The databank is nonetheless unique in that it combines 

distant multiple structures and known sequences into a publicly 

available collection. 

Automatic classification of protein domains and subsequent sequence 
alignment 

A fast and sensitive algorithm has been developed that automatically 

detects related domain sequences contained in large databanks and 
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subsequently aligns them according to their respective families and 

domain signatures. The various techniques in the algorithm have been 

integrated into a global process. It is intended in the near future to 

release to the public the resulting database of aligned families and 

signatory motifs. A comparison between the manually built PROSITE 

database and the results of the automatic process indicates that 

about 90% of the PROSITE family aSSignments are recovered and many 

new homologies are also detected. 

The process involves the following steps. First, global sequence 

similarities are detected using residue and dipeptide composition 

comparisons. Local sequence similarities are obtained from a search 

through a tree data structure which groups into subtrees the 

subsequences shared by different proteins. Then, domain boundaries 

are located by parsing the global graph built from both the previously 

detected sequence similarities and the positional relationships 

between local similarities. Sequence termini and self repeats which 

indicate possible locations of domain boundaries are used to split the 

global graph into subgraphs corresponding to each domain family. The 

next step consists in constructing a profile for each domain family 

from the multiple alignment of the corresponding protein sequence 

segments. Flexible domain signatures that describe the most 

conserved residues and their allowed relative separations are 

obtained from a statistical analysis of each resulting familial 

profile. These signatures are used to improve the alignment quality 

and to detect further distant homologies. 
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Facile and simultaneous search of information in molecular biological 
databases 

The SRS server for the World Wide Web has now been installed on 

more than 20 servers throughout the world, giving access to the 

information ip about 100 biological databanks. However, further 

developments were required for the flexibility in specifying new 

databank formats as well as for combining databank information with 

analysis tools. Thus, a new general and programmable parser tool has 

been effected with considerably extended capabilities to include all 

computer readable file formats. The new parser is part of a new 

programming language ICARUS (Interpreter for Commands And 

RecUrsive Syntax) which allows the execution of commands or 

functions during the parsing process. The parser can be called from 

ICARUS itself or from C language programs. A new SRSWWW server 

will also be utilized that is more user friendly and flexible allowing 

integration of methods that analyze and interpret data such as BLAST 

and FASTA searches for related sequences as well as multiple 

sequence alignment tools. 

Principles of protein folding and stability 

Side chain interactions in helical design 

Intrahelical side chain-side chain (sc-sc) interactions are assumed to 

play a crucial role in the formation and stability of a-helices; yet it 

was found that only 37.2% of all helical residues are involved in such 
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close contacts assuming a specific minimum contact distance. The 

majority of these (58.1%) were detected between residues with amino 

acid sequence spacing i,i+4. The low frequency of intrahelical sc-sc 

contacts with sequence separations i,i+ 1 and i,i+3, each observed 

with only about one-third of the i,i+4 counts, can be directly and 

generally -attributed to the absence of the gauche conformation in 

helices for the dihedral angle X1' However, if it is assumed that each 

side chain may maximally make only one sc-sc contact as mostly 

observed, the percentage of contacting pairs increased relative to the 

maximum possible pairs for a given sequence spacing by a factor of 

about 4; i.e., from 20.9% to 81.7% for ;';+4 contacts. No significantly 

increased density of intrahelical sc-sc contacts with increasing helix 

lengths was found. Stereochemical reasons can be given for the 

observation that i,i+ 3 contacts are largely composed of ion or polar 

pairs while hydrophobic residues dominate the ;,i+4 contacts. Though 

there were generally fewer intrahelical contacts between buried 

helical residues when more contacts were made to the tertiary 

protein environment, the number of intrahelical contacts did not 

increase with increasing solvent exposure of the helices. These 

results are important for helix design and engineering and as well as 

for understanding of the packing of helices. 

Hydrophobic patches on protein surfaces 

A method for the detection of hydrophobic patches on the surfaces of 

protein tertiary structures has been effected. It delineates explicit 

contiguous pieces of surface of arbitrary size and shape that consist 



solely of carbon and sulphur atoms using a dot representation of the 

solvent accessible surface. The technique is also useful in detecting 

surface segments with other characteristics such as polar patches. 
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Its potential as a tool in the study of protein-protein interactions and 

substrate recognition has been demonstrated by its application to 

myoglobin, 1.eulflle/Val-binding protein, lipase, lysozyme, azurin, 

triose phosphate isomerase, carbonic anhydrase and phosphoglycerate 

kinase. Only the largest patches, having size exceeding random 

expectation, were deemed and found meaningful. In addition to well 

known hydrophobic patches on these proteins, a number of other 

patches with possible significance and requiring further experimental 

investigation were detected. 

A survey of hydrophobic patches on the surface of 112 soluble, 

monomeric proteins was undertaken. The largest patch on each 

individual protein averages around 400 A2 but can range from 200 to 

1200 A2. These areas are not correlated to the sizes of the proteins 

and only weakly to their apolar surface fraction. Ala, Lys and Pro have 

dominating contributions to the apolar surface for smaller patches, 

while those of the hydrophobic amino acids become more important as 

the patch size increases. The hydrophilic amino acids expose an 

approximately constant fraction of their apolar area independent of 

patch size; the hydrophobic residue types reach similar exposure 

levels only in the larger patches. Though the mobility of residues on 

the surface is generally higher, it decreases for hydrophilic residues 

with increasing patch size. Several observed characteristics of 
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hydrophobic patches should prove useful in the design and engineering 

of proteins. 

Slowly translated regions on mRNA correspond to domain boundaries 
in protein structures 

Since regions on the messenger ribonucleic acid differ in the rate at 

which they are translated by the ribosome and proteins can fold 

cotranslationally on the ribosome, a question arises as to whether the 

kinetics of translation influence the folding events in the growing 

nascent polypeptide chain. Translationally slow regions were 

identified on mRNAs for a set of 37 multi-domain proteins from 

Escherichia coli with known three-dimensional structures. The 

frequencies of individual codons in mRNAs of highly expressed genes 

from Escherichia coli were taken as a measure of codon translation 

speed. Analysis of codon usage in slow regions showed a consistency 

with the experimentally determined translation rates of codons; 

abundant codons which are translated with faster speeds when 

compared with their synonymous codons were found to be avoided as 

were also rare codons in slow regions with unexpected higher rates of 

translation. The statistical significance of the occurrence of such 

slow regions on mRNA spans corresponding to the oligopeptide domain 

termini and linking regions on the encoded proteins and the amino acid 

type and the solvent accessibility of the residues coded by such slow 

regions were examined. The results indicated that protein domain 

boundaries which mark higher order structural organisation are 

largely coded by trans/ationally slow regions on the RNA and are 

composed of such amino acids that are stickier to the ribosome 
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channel through which the synthesised polypeptide chain emerges into 

the cytoplasm. The results point to an intriguing correlation between 

protein synthesis machinery and in vivo protein folding. (See Plate I 

for an example). 

Domain motion and protein cavities 

Motions between individual domains are known to play an important 

role in protein function. Protein cavities at domain interfaces have 

been suggested to facilitate such movements. Consequently, the 

cavity morphology in a set of multi-domain proteins was critically 

examined. The conformational changes were well characterised by 

atomic resolution tertiary structures prior to and after domain 

motions. The results showed that interdomain cavities playa number 

of specific functional roles by either facilitating, or being otherwise 

involved with, domain:domain motions. Correspondingly, a higher 

fraction of cavity surface is observed at domain interfaces as 

compared to that buried within individual domains. Furthermore, 

interdomain cavity-forming residues were found to be highly 

conserved in terms of amino acid sequence and volume within their 

aligned protein families, more so than residues exclusive to the 

domain interface and intradomain cavities. These results provide 

substantial evidence of cavities fulfilling a specific functional role 

in multi-domain proteins. 

Prediction of protein structures 



Prediction of secondary structural content from amino acid 
composition 
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Techniques were developed for the prediction of protein secondary 

structural content from only the amino acid composition. In the first 

method, .the composition of an unknown protein is represented by the 

best (in a least square sense) linear combination of the characteristic 

amino acid compositions of the three secondary structural types 

computed from a learning set of tertiary structures. The second 

technique is a generalization of the first and also considers possible 

compositional couplings between any two types of amino acids. Its 

mathematical formulation results in a eigenvalue/eigenvector 

problem of the second moment matrix describing the amino acid 

compositional fluctuations of secondary structural types in various 

proteins of a learning set. The average absolute error in predicting 

the fraction of helix, sheet, and coil from the amino acid composition 

of the query protein are 13.7%, 12.6%, and 11.4% respective,ly with 

r.m.s. deviations in the range of 8.6-11.8% for over 400 proteins in a 

jackknife test. 

The two vector decomposition methods for secondary structural 

content prediction from amino acid composition alone were also 

applied to the problem of class prediction. They achieved about 60% 

correct assignment among four classes (a, /3, mixed, irregular) as do 

single sequence-based secondary structure prediction methods. These 

results demonstrated that 60% correctness is the upper limit for a 4-

type class prediction from amino acid composition alone for an 



unknown query protein and that consideration of compositional 

coupling does not significantly improve the prediction success. 
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Since the secondary structural content prediction methods found in 

the literature achieve about the same accuracy as in much more 

complex sed"ondary structure prediction methods that delineate 

specific sequence segments with particular secondary structural 

type, sequence information beyond the amino acid composition is 

mainly used to position the secondary structural state in the 

sequence but not for determination of the overall number of residues 

in a particular type. This result implies that higher prediction 

accuracies cannot be achieved by relying solely on the amino acid 

composition of an unknown query protein as prediction input. A 

critical review of specialized secondary structural class prediction 

methods, especially those of Chou and coworkers who claim almost 

100% accuracy using only amino acid composition, has resolved the 

paradox that such accuracies are better than those from secondary 

structure predictions relying on multiple sequence alignments. It is 

shown (i) that these techniques rely on a preselection of test sets 

which removes irregular proteins and other proteins without any 

class assignment (about 35% of all poe entries) and (ii) that even for 

preselected representative test sets the success rate drops to a more 

typical 60% and even lower for a 4-type classification (a, 13, a+p, alI3). 

Automatic assignment of secondary structure in tertiary protein 
folds 
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An automatic algorithm STRIDE for protein secondary structure 

assignment from atomic coordinates based on the combined use of 

hydrogen bond energy and statistically derived backbone torsional 

angle information has been developed. Parameters of the pattern 

recognition procedure were optimized using secondary structural type 

designations provided by the crystallographers as a standard-of-

truth. Comparison to the currently most widely used technique DSSP 

by Kabsch and Sander shows that STRIDE and DSSP respectively assign 

secondary structural states in 58% and 31 % of 226 protein chains in 

greater agreement with the specific residue-by-residue definitions 

provided by the discoverers of the structures while in 11 % of the 

chains, the assignments are the same. STRIDE delineates every 11 th 

helix and every 32nd strand more in accord with published 

assignments. 

Protein secondary structure prediction from single sequences 

Existing approaches to protein secondary structure prediction from 

the amino acid sequence usually rely on the statistics of local residue 

interactions within a sliding window and the secondary structural 

state of the central residue. The practically achieved accuracy limit 

of such single residue and single sequence prediction methods is 

about 65% over three structural states (a-helix, p-strand, and coil). 

Further improvement in the prediction quality is likely to require 

exploitation of various aspects of three-dimensional protein 

architecture. Thus, an accurate algorithm was developed for 

secondary structure prediction based on recognition of potentially 
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hydrogen-bonded residues in a single amino acid sequence. The unique 

feature of this approach involved database derived statistics on 

residue type occurrences in different classes of f3-bridges to 

delineate interacting f3-strands. The a-helical structures were also 

recognized on the basis of amino acid occurrences in hydrogen-bonded 

pairs (i,i+4). -The algorithm has a prediction accuracy of 68% in three 

structural states, relies only on a single protein sequence as input, 

and has the potential to be improved by 5-7% if homologous aligned 

sequences are also considered. 

Prediction of protein fold from the amino acid sequence utilizing the 
genetic algorithm 

Grid-free protein folding simulations based on sequence and 

secondary structure knowledge (using experimentally determined 

secondary structure information or analyzing results from secondary 

structure predictions) were investigated using the genetic algorithm, 

a backbone representation, and standard dihedral angular 

conformations. Optimal structures were selected according to basic 

protein building principles. Having previously applied this approach to 

proteins with helical topology (see Research Reports 1994), 

additional criteria and weights for f3-strand containing proteins have 

been utilized and validated on four small f3-strand rich proteins with 

different topologies. RMSD values of Ca atoms in the superposed 

predicted and observed test structures with different topologies 

were between 4.5 and 5.5 A (2.9-5.1 A without loops). Genetic 

algorithm fitness values correlated with the similarity of the 

predicted topology to that observed. Including 15 further protein 
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examples with unique folds as well as mixed secondary structural 

types but less than 100 amino acids, RMSD values ranged between 1.8 

and 6.9 A with loop regions and averaged 5.3 A and 4.3 A, including 

and excluding loop regions respectively. 

Energy simulations 

An assessment of atomic solvation parameters 

Atomic solvation parameters (ASP) are widely used to estimate the 

solvation contribution to the thermodynamic stability of proteins as 

well as the free energy of association for protein-ligand complexes. 

They are also included in several molecular mechanics computer 

programs. A total of eight parametric sets were employed to 

calculate the solvation contribution to the free of folding G s 

for 17 proteins. A linear correlation between aG s and the number of 

residues in each protein was found for each ASP set. The calculations 

also revealed a great variety in the absolute value and in the sign of 

AG s values such that certain ASP sets predicted the unfolded state to 

be more stable than the folded while others yielded precisely the 

opposite. Further, the solvation contribution to the free energy of 

association of helix pairs and to the disassociation of loops from the 

protein tertiary structures were computed for each of the eight ASP 

sets and discrepancies were evident amongst them. Suggestions have 

been made as to which sets should be preferred in energy simulations. 

Simulating the adsorption of proteins onto charge surface 
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A computer model was developed to simulate the adsorption of 

proteins onto charged surfaces displaying an electric double layer. 

Co-adsorption of ions onto the surface was included by means of 

explicit ions. Only electrostatic interactions were considered. Monte 

Carlo simulations in the canonical ensemble of the enzyme cutinase 

and 15 variants (modelled from the X-ray tertiary structure of the 

wiJdtype) were performed. Adsorption free energies for all variants 

were calculated by the thermodynamic integration method. 

Distributions of the electric· moment and the vector pointing toward 

the protein active site and parallel to its central were 

determined to elucidate the mean orientation of the protein with 

respect to the surface as a function of its distance from the surface. 

It was found that the free energy of adsorption varied linearly with 

the total charge of the protein, while the electric moment (dipole 

moment) had a second order but significant effect. Though an increase· 

of the electric moment generally resulted in a slightly increased 

affinity of the protein for the surface, the mean force acting on a 

protein close to the surface clearly varied linearly with the strength 

of the electric moment, and a clear correlation between the moment 

and the protein orientation with respect to the surface could be 

established. Cutinase wildtype displayed the highest affinity for the 

charged surface amongst all proteins having the same total charge, 

even though it did not have the largest electric moment, suggesting 

purposeful evolutionary development and optimization. 

World Wide Web services 



The World Wide Web (WWW) initiative started at CERN in Geneva. It 

uses a new protocol (HTTP) that allows any user on the Internet 

network to connect to a server at another computer site for 
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utilization of in situ software, including now many algorithms from 

the Argos group (AG). These services can be accessed through 

NETSCAPE or WWW and by using the connecting uniform resource 

locator (URL) .. http://www.embl-heidelberg.de". Subsequently on the 

upcoming display the user should mouse click on the hypertext link 

"Computational services offered by EMBL to the scientific 

community" and then note the algorithms designated AG_X, where X 

represents the letter code corresponding to the particular algorithm 

name. Table I lists the available routines .and code X designations. An 

alternative NETSCAPE route direct to information on a specific 

program consists of utilizing the connecting URL's given in Table 1. A 

further avenue of algorithm application (for all but SRS) includes 

electronic mail sent to X@ EMBL-HEIDELBERG.DE with the message 

HELP on the first line, left justified. 
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TABLE I. Routines available from the Argos group (AG) through World 

Wide Web (specific URL's given) and electronic mail 

CODE NAME (X) 

A Ii 

http://www.embl-heidelberg.de/ 
argos/ali/aILhtml 

ASC2 

http://www.embl-heidelberg.de/ 
argos/ ASC.21/asc2.html 

CLUSPROT 

Description 

Database of aligned sequence 

families from known and related 

protein structures and sequences 

Analytic surface calculation tools 

applied to protein tertiary 

structures 

Delineation of highly contacting 

atomic sidechain clusters in http://www . em b 1-he i de I be rg. del 
argos/clusprot/clusprot_info.html protein structures 

OBSTRUCT Generation of a non-redundant set 

of protein structures from the 

protein structure databank (PDB) 

by resolution and sequence http://www.emlb-heidelberg.de/ 
argos/obstruct/obstruct-info.html identity 

PREDATOR High accuracy secondary 
http://www.embl-heidelberg.de/ 
argos/predator/predator _info.html structure prediction for a single 

REPRO 
http://www.embl-heidelberg.de/ 
Argos/repro/repro info. html 

SRS 
http://www.embl-heidelberg.de/ 
srs/srsc 

protein sequence 

Recognition of distant repeats in 

protein sequences 

Network browser for databanks in 

molecular biology 



SSCP 

http://www.embl-heideJberg.de/ 
argos!sscp!sscp_info.html 

SSPRED 

http://www.embl-heideJberg.de/ 
argos/sspred/sspred_info.html 

STRIDE 

http://www.embl-heidelberg.de/ 
argos/stride! strid e_info. htm I 

TMAP 

http://www.embl-heidelberg.de/ 
argos/tmap/tmap_info.html 
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Secondary structural content 

prediction from a protein's amino 

acid composition 

Secondary structure prediction 

for a protein sequence utilizing 

homologue information 

Knowledge-based secondary 

structure type assignment from 

protein atomic coordinates 

(includes a database of 

assignments for known 

structu res) 

Prediction of transmembrane 

segments and their topology in a 

protein sequence utilizing 

homologues 
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Outside Collaborations 

Dr. Alexei Adzhubei, Institute of Cancer Research, Sutton, UK 

Structure of PPII protein 

Prof. Cornelius Frommel, Humboldt University, Berlin, Germany 

Protein structure prediction 

Dr. Eugene Demchuk, Scripps Research Institute, La Jolla, USA 

Solvation phenomena in molecular-mechanical calculations 

Dr. D. Stout, Scripps Research Institute, La Jolla USA 

Conservation of IRP proteins 

Dr. P. Lauble, Institute for Organic Chemistry, Stuttgart, Germany 

Conservation of IRP proteins 
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Prof. B. Zhorov, Institute of Evolutionary Physiology and Biochemistry, 

St. Petersburg, Russia 

Prediction of voltage-gated ion channel structure 

Dr. A. Mulkidjanyan, University of OsnabrCtck, Germany 

Comparison of cytochrome primary structures 

Profs. F. Perker and M. Southwort, New England Biolabs, UK 

Structure prediction of inteins 

Dr. E. Donath, Institute for Biophysics, Humboldt University, Berlin, 

Germany 

Polymer depletion layers 

E. Donath, Humboldt University, Germany 

Brownian dynamics simulation of charged membrane components 

F. Beltrame, University of Genoa, Italy 



Develoment of a program package to retrieve simultaneously 

information from molecular biological databanks 

R. Doelz, Biozentrum, Switzerland 

Develoment of a program package to retrieve simultaneously 

information from molecular biological databanks 

P. Mehta, University of Zurich, Switzerland 

Secondary structure prediction of proteins from multiple sequence 

alignments 

S. Pascarella, University of Rome, Italy 

Analysis of conserved structure in homologous proteins 

J. de Vlieg, Unilever Corporation, Netherlands 

23 

(i) Computer simulations involving absorption of proteins on charged 

surfaces; (ii) Achieving thermal stability of sauvinese through site-

directed mutagenesis 

R. Beynon, University of Manchester, England 

Structural principles of limited proteolysis 

D . Wishart, University of Alberta, Canada 

Predicting ab initio folds from NMR assignment of secondary 

structures 

H. Vogel, University of Calgary, Canada 

Theoretical methods to determine pKa values at protein titrating sites 

P. van Duijnen, University of Groningen, Netherlands 

Simulations involving the dielectric continuum model in quantum 

mechanical calculations 

G. Marcenaro, BIOTEK Co., Italy 

Develoment of a program package to retrieve simultaneously 

information from molecular biological databanks 
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Plate I caption 

Mapping of slowly translated mRNA regions on the tertiary mainchain 

fold of the bifunctional indole-3-glycerol phosphate/N-5'-

phosphoribosyl anthranilate isomerase protein; the darkened 

segments correspond to the domain linker and the terminus of the C-

terminal domain. 



25 

Plate I caption 

Mapping of slowly translated mRNA regions on the tertiary mainchain 

fold of the bifunctional indole-3-glycerol phosphate/N-S'-

phosphoribosyl anthranilate isomerase protein; the darkened 

segments correspond to the domain linker and the terminus of the C-

terminal domain. 



N-domain 

C-domain 
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Molecular Modelling, Simulation and Design 

The main focus of this research group is the study of biomolecular 
interactions using computational techniques. Modelling and simulation 
can provide a microscopic picture of events that may be difficult to 
investigate experimentally and can assist the identification 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 produce desired ligand-receptor 
interactions. Our studies are mostly directed at the development and 
application of techniques for studying protein-ligand interactions. These 
studies require protein structural information. We have therefore also 
engaged in protein modelling and carried out simulations aimed at 
gaining insight into the physical basis of protein structure, stability and 
folding. 

The following section gives an overview of methodological 
advances in the past year and this is followed by summaries of more 
application- oriented projects. 

Methods 

This year's main developments were: 
-The derivation of effective charges for macromolecules in solvent which 
permit the non-uniform dielectric permittivity of a macromolecule in 
solvent to be taken into account in calculating its electrostatic interactions 
at the same computational cost as the commonly-used test charge 
approximation but with improved accuracy (Gabdoulline & Wade, 1996). 
The effective charges are derived by fitting them to reproduce the. 
molecular electrostatic potential calculated by numerical solution of the 
finite-difference linearized Poisson-Boltzmann equation. They are useful 
in applications such as the simulation of the diffusional encounter of 
proteins. 
-A method to dock ligands into protein binding sites on the basis of the 
complementarity of the intermolecular atomic contacts developed with V. 
Sobolev and M. Edelman (Weizmann Institute, Israel) and G. Vriend 
(EMBL). Docking is performed by maximization of a complementarity 
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function that is dependent on atomic contact surface area and the chemical 
properties of the contacting atoms (Sobolev et al. ,1996). 
-A tool to analyse molecular dynamics simulations in order to extract 
important features of the motion developed with G. Worth (University of 
Heidelberg). During a trajectory, each atom is considered to move through 
a sequence of conformation wells in each of which its motion is 
considered to be predominantly harmonic. The movement of atoms 
between and within wells and correlations in atomic motion is quantified 
and can be visualised with molecular graphics. 
- Parallel simulation codes: PART! (P ARallel Thermod ynamic 
Integration) was written to run molecular dynamics free energy 
calculations in parallel on distributed processors, and the ARGOS 
molecular dynamics program (Straatsma & McCammon, 1990) was 
parallelized (with N. Reimer, S. Haenssgen & W. Tichy (University of 
Karlsruhe» to run on the shared memory 16-processor Silicon Graphics 
computer. The parallelised code is able to automatically adjust the number 
of processors used while it is running in order to make optimum usage of 
resources. 

In addition, work continued on: 
- Calculation of bimolecular diffusional encounter rates using Brownian 
dynamics (BD) simulations for protein-protein encounter and a new 
numerical approach for enzyme-substrate systems. 
- Prediction of hydration sites on proteins using MD thermodynamic 
integration techniques (Helms & Wade, 1995) and modular neural 
networks (the latter with M. Reczko (DKFZ, Heidelberg), H. Bohr 
(Copenhagen) and P. Wolynes (lllinois» 
- Derivation of quantitative structure activity relationships for protein 
ligands (Ortiz et aI., 1995) with the focus on optimization of energetic and 
statistical data treatment (with G. Cruciani and M. Pastor (Perugia) and F 
Gago (Madrid». 

Protein-ligand recognition 

- Enzyme-substrate diffusional encounter. Triose phosphate isomerase 
(TIM) is a diffusion-controlled enzyme. The importance of electrostatic 
steering in guiding the negatively charged substrate (D-glyceraIdehyde-3-
phosphate (GAP» towards the active sites of chicken muscle TIM has been 
shown by BD simulations (see e.g. Wade et al. ,1994). We carried out BD 
simulations for TIMs from four different species that despite having net 
charges ranging from -12e to + 12e at pH7 have comparable rates. 
Computed rates were in good agreement with experiment. Comparison of 
the four protein electrostatic potentials (see Figure 1) by means of 
similarity indices shows that conservation of the positive potential 
around the binding site is sufficient to result in similar encounter rates for 
the enzymes. 

-The role of protein dynamics in substrate binding was explored for two 
proteins: 
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(1) Interfacial activation of the R. miehei lipase is accompanied by the 
displacement of a helical lid over the active site to allow the binding of 
substrate. In collaboration with G. Peters and O. Olson (Copenhagen), MD 
and BD techniques were employed to investigate possible activation 
pathways and to elucidate the effect of a hydrophobic environment (as 
would be provided by a lipid membrane) on the· lid opening. The 
simulations indicate that lipase activation occurs faster in a hydrophobic 
environment and is controlled by two charged residues in the lid. 
(2) How substrate reaches the buried active site of cytochrome P450cam is 
poorly understood as the crystal structure show no channel large enough 
for the substrate, camphor, to pass through. This indicates an essential role 
for protein dynamics. We are studying the mechanism of substrate access 
by molecular dynamics simulation, ligand design (Degenhardt & Wade, 
1995), and electrostatic calculations. Recent experiments indicate that 
substrate access to the active site is regulated by electrostatic interactions 
and that the two salt-links to Asp251 must be broken to permit substrate 
access (Deprez et al., 1994). The strength of 53 ionic pairs in cytochrome 
P450cam was calculated by numerical solution of the Poisson-Boltzmann 
equation. Strikingly, the two salt-links involving Asp251 are among the 
three most stable salt-links in the protein. Thus it appears that P450cam 
has evolved two unusually strong salt-links to regulate substrate access to 
the active site. 

-Ligand binding modes and affinity. Using cytochrome P450cam as a well-
characterized system to test design strategies and computational methods, 
we carried out modelling and simulation studies of substrate analogUes 
designed to fill an empty region of the substrate binding pocket and 
displace any solvent occupying the region (Helms et al., 1996). Binding was 
improved modestly with greatest affinity being obtained for the 
compound making the best sterlc fit. Binding enthalpies calculated from 
simulations agree very well with experimental binding enthalpies but do 
not correlate with binding affinities because the binding of the substrate 
analogues is characterised by enthalpy-entropy compensation. 
Computation of binding affinities is ongoing but a prerequisite is 
knowledge of hydration free energies. After detailed force field analysis, 
accurate hydration free energies were computed for camphor and related 
molecules with a modified GROMOS force field. Camphor is one of the 
largest molecules for which an absolute hydration free energy has been 
calculated by molecular simulation. 

Protein structure, stability and folding 

Projects undertaken this year involve the use of molecular dynamics 
simulation techniques to investigate: 
- Factors important in the first order unfolding phase transition of small 
single domain proteins 
- The effect of glycosylation on protein stability and protein-receptor 
interactions for granulocyte colony stimulating factor (with A. Zerial 
(Paris) and V.Gervais and H. Oschkinat (EMBL». 
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- Computation of the relative stability of different protein conformers by 
molecular dynamics simulation (with T. Frimurer and O. Olson 
(Copenhagen» in order to examine the factors influencing the relative 
populations of disulphide bridge isomers. 
- Peptide structure and dynamics in aqueous solution. Short peptides from 
the sequence of BPTI that are structured in aqueous solution U. Kemmink 
et al. 1993) are likely to influence the protein folding process. We are using 
simulation techniques to gain insight into the energetics of the folding of 
these peptides and to understand their sequence selectivity. We performed 
a molecular mechanics analysis of tripeptides containing an interaction of 
the aromatic sidechain of the i th residue with the amine group in the 
peptide link to the (i+2) th residue, a feature observed in structured 
peptides in solution that occurs twice in BPTI (Worth & Wade, 1995). This 
showed that glycine was favoured in these tripeptides for steric reasons 
and that alterations in the hydrogen-bonding capacity of the environment 
result in different peptide conformers being energetically favoured. 

Publications during the year 

Degenhardt,M. & Wade,R.C. (1995) De novo design of ligands to block 
substrate access to cytochrome P450camJ. Mol. Mod., 1,93. 

Helms,V. & Wade,R.C. (1995) Thermodynamics of Water Mediating 
Protein-Ligand Interactions in Cytochrome P450cam: A Molecular 
Dynamics Study 
Biophys. J.,69, 810-824. 

Madura,J.D., Briggs,J.M., Wade,RC., Davis,M.E., Luty,B.A., Din,A., 
Antosiewicz,J., Gilson,M.K., Bagheri,B., Scott,L.R. & McCammon,J.A. 
(1995) Electrostatics and Diffusion of Molecules in Solution: Simulations 
with the University of Houston Brownian Dynamics Program Comput. 
Phys. Comm., 91,57-95. 

Ortiz, AR., Pisabarro,M.T., Gago,F. & Wade,R.C. (1995) Prediction of Drug 
Binding Affinities by Comparative Binding Energy Analysis J. Med. 
Chem., 38, 2681-2691. 

Wade,R.C. (1995) Simulation of enzyme-substrate interactions: the 
diffusional encounter step. Acta Bioch. Polon. 42,419-426. 

Worth,G.A. & Wade,R.C. (1995) The aromatic-(i+2) amine interaction in 
peptides J. Phys. Chem.,99, 17473-17482. 

Other References 

Deprez,E., Gerber,N., Di Primo,C., Douzou,P. Sligar,S. & Hui Bon Boa,G. 
(1994) Biochemistry 33, 14464-14468. 
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HeIms, V., Deprez,E., Gill,E., Barret,C., Hui Bon Hoa,G. & Wade,RC. (1996) 
Biochemistry, in press. 

Gabdoulline,RR. & Wade,RC. (1996) J. Phys. Chem. in press. 

Kemmink,J., van Mierlo, C.P .M., Scheek,R.M. & Creighton (1993) J. Mol. 
BioI. 230, 312-322. 

Sobolev,V., Wade,R.C., Vriend,G. & Ede1man.M. (1996) Proteins, in press. 

Straatsma,T.P. & McCammon,J.A. (1990) J. Compo Chem. 11, 943-951 

Wade,R.C., Luty,B.A., Demchuk,E.; Madura,J.D., Davis,M.E., Briggs,J.M. & 
McCammon,J.A. (1994) Nature Struct. BioI .. 1, 65-69. 

Figure Captions 

Figure 1. (a) Stereo view of the average electrostatic potential of four triose 
phosphate isomerases from different species (chicken muscle, E.coli, T. 
brucei, yeast). Contours are at -D.3 (solid) and +0.3 (line) kcal/mol/e. (b). 
The similarity index multiplied by the sign of the potential (contoured at 
0.75, - solid, + line) for the four proteins. Regions of the potentials 
enclosed in the contours are the most similar. The two-fold symmetry of 
the dimeric proteins is readily apparent. A large region of similarity over 
each substrate binding site is clearly discernible, where the potential is 
positive for all 4 proteins and can attract the negatively charged substrate. 
The pincer-like regions correspond to small negative values of the 
potentials and the other smaller regions correlate with the locations of 
conserved charged residues. 
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(2) Statistical information 

(a) Members of group 

Group Leader: Rebecca Wade 

Fellows: 

Visitors: 

Razif Gabdoulline(Pushchino)(EMBL) 
Volkhard Helms (Munich) (EMBL) 
VaIere Lounnas (Houston)(EU) 
Frederico Nardi (Grenoble)(EU /EMBL) 
Angel Ramlrez Ortiz (Madrid) (CAM/EMBL) 

Frederic Achard'" (Paris) until January 
Michael Degenhardt'" (Heidelberg) until September 
Thomas Frimurer* (Copenhagen) from October 
Christophe Lecuyer (Nice) 
Niels (Karlsruhe) from July (part-time) 
Sanja Tomic'" (Zagreb) June only 
Johnathon Weare'" (Bristol) from August 

(b) List of collaborative projects 

Topic 

Cytochrome P4S0-ligand 
interactions 

Prediction of protein 
Binding sites by 
neural networks 

Biomolecu1ar 
recognition of auxin 
and related 
phytohormones 

Names of collaborators + institutes 

E. Gill 
University of Oxford 
G. Hui Bon Hoa 
Institut de Biologie 
Physico-Chimique, Paris 
C.Jung 
Max Delbriick Centrum fUr 
Molekulare Medizin, Berlin 
I. Schlichting 
MPI fUr Medizinische Forschung 
Heidelberg 
G. Simonneaux 
University of Rennes 

H. Bohr 
DTH, Copenhagen 
M. Reczko 
DKFZ, Heidelberg 
P. G. Wolynes 
University of illinois 

B. Kojic-Prodic & S. Tomic 
Institut Rudjer Boskovic, Zagreb 

Country 

UK 

France 

Germany 

Germany 

France 

Denmark 

Germany 

USA 

Croatia 



Molecular dynamics T.P. Straatsma 
simulation Battelle Pacific Northwest Lab. 

GlycoSylation of G-CSF A. Zerial 
Rhone-Poulenc-chugai, Paris . 

USA 

France 

Design of PLA2 F. Gago Spain 
inhibitors University of Alcala de Henares, 

Madrid 
A. Palomer Spain 
Menarini. S.A., Barcelona 

Simulation of lipase O.H. Olson & G. Peters Denmark 
activation Novo Nordisk, Copenhagen 

Brownian dynamics J. A. McCammon USA 
simulation methods University of California, San Diego 

Protein-ligand docking V.Sobolev & M.Edelman Israel 
Weizmann Institute 

Peptide dynamics G. A. Worth Germany 
University of Heidelberg 

Parallel computing N. Reimer, S. Haenssgen & W. Tichy Germany 
University of Karlsruhe 

(b) Publications during 1995 

Degenhardt,M. & Wade,R.C. (1995) De novo design of ligands to block 
substrate access to cytochrome P450cam I. Mol. Mod. 1, 93. 

Helms,V. & Wade,R.C. (1995) Thermodynamics of Water Mectiating 
Protein-Ligand Interactions in Cytochrome P450cam: A Molecular 
Dynamics Study 
Biophys. I., 69, 810-824. 

Madura,J.D., Briggs,J.M., Wade,R.C., Davis,M.E., Luty,B.A., Din,A., 
Antosiewicz,J., Gilson,M.K., Bagheri,B., Scott,L.R. & McCammon,J.A. 
(1995) Electrostatics and Diffusion of Molecules in Solution: Simulations 
with the University of Houston Brownian Dynamics Program Comput. 
Phys. Comm., 91, 57-95. 

Ortiz, A.R., Pisabarro,M.T., Gago,F. & Wade,R.C. (1995) Prediction of Drug 
Binding Affinities by Comparative Binding Energy Analysis J. Med. 
Chem., 38, 2681-2691. 



Wade,R.C. (1995) Simulation of enzyme-substrate interactions: the 
diffusional encounter step. Acta Bioch. Polon. 42,419-426. 

Worth.,G.A. & Wade,R.C. (1995) The aromatic-(i+2) amine interaction in 
peptides J. Phys. Chern., 99, 17473-17482. 











GROUP LEADER : Annalisa Pastore 
Structure and function of intracellular modular proteins 

Fellows: A. Freiburg, M. Gautel, H. Kharrat, S. Improta, G. Musco, M. Pfuhl, 
A. Politou, G. Trave', L. Vangelista 

Visitors: D. Benaki, M. A. Castiglione Morelli 

Assistant: C. Joseph 

One of the most fascinating ways the economy of nature manifests itself is 
the recurrent use of similarly folded structural units as 'building blocks' in a wide 
variety of functionally diverse proteins. These structural units - or modules - are 
shuffled around to form different protein architerctures adapted to different func-
tions. The identification of an increasing number of such modular proteins has 
suggested an obvious but yet very powerful approach to the structural and func-
tional characterization of molecules which could, in some cases, be unattainable 
otherwise: inspection of the module structures determined so far clearly shows 
the existence of a critical number of highly conserved key residues which form the 
structural scaffold of each superfamily and account for similar packing within its 
members, while the rest of the structure can diverge to allow for specialized func-
tions. The structure determination of one member can thus be used as a molecular 
template for modelling other members of the same family. When several modules 
are assembled consecutively in the protein, the knowledge of the module/module 
interface is then the only other step necessary to reconstruct the structure of large 
portions or even the whole protein. In the last few years, we have apply this 
phylosophy to characterize various of these modules from two intracellular protein 
families: proteins from the muscle/cytoskeleton and RNA binding proteins. 

Muscle proteins: 

Titin (A. Freiburg, M. Gautel, S. Improta, C. Joseph, C. Muhle-
Goll, A. Politou, M. Pfuhl, L.Vangelista) 

Titin (also known as connectin) is a giant multidomain protein from muscle 
and one of the most elegant examples of how similar folds can adapt to a highly 
diversified range of functions. Cardiac titin - one of the smallest isoforms yet iden-
tified with a molecular weight of approximately 3 millions Dalton - was completely 
sequenced by Labeit's group (EMBL). It was shown to contain repeats of 
two types of modules, called type I and type II and belonging, respectively, to the 
fibronectin type III (Fn-3) and immunoglobulin (Ig) superfamilies. Type I modules 
are localized only in the central region of the molecule, and are therefore expected 
to cover similar functions. Ig-like modules, on the contrary, are evenly distributed 
along the whole length of titin (ca. 1 /-Lm) which spans half of the sarcomere, 
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joining the Z-disk to the M-line. Along the sarcomere the functions of titin vary: 
in the A-band, it regulates the assembly of the thick filaments via interactions 
with myosin and C-protein; in the I-band, it acts as an elastic connector between 
the thick filaments and the Z-disk and prevents the thick filaments from moving 
from the center of the sarcomere; finally, in .the M-line, it is an integral part of a 
protein meshwork. For the last few years, we have carried out a long term project 
in collaboration with other groups at EMBL to characterize titin both from the 
structural and functional point of view. The modular architecture of titin makes 
NMR an ideal technique to approach the structure of titin domains and their 
interfaces. Last year, the structure of a type II domain (M5) from the carboxy-
terminal region of titin located in the M-line was solved by NMR spectroscopy 
(Pfuhl & Pastore, 1995). Two non-globular regions which form linkers between 
modules were also characterized both structurally and functionally (Gautel et al., 
1995; Musco et al., 1995). 

In 1995, one of the questions we have been concentrating on was the molecu-
lar mechanism which underlies titin mechanical properties. Bioelasticity is more 
in general a property widely occurring in nature but for which very little under-
standing is available. In the titin I-band, where elasticity resides, two structural 
elements are present: tandem copies of Ig domains (which have a consensus se-
quence specific of this region) and a long stretch of a PEVK-rich region. The length 
of the PEVK-rich motif is variable in different muscle isoforms and seems to cor-
relate with muscle stiffness. In principle both sequence elements might contribute 
to muscle elasticity. 

Several models have been suggested for the elasticity. In collaboration with 
D. Thomas, the different models were evaluated quantitatively and the stiffeness 
expected for each compared with the force produced experimentally (Politou et 
al., 1995). Models based on partial or global reversible unfolding of the Ig modules 
were excluded for kinetic reasons. Not enough stiffness would be obtained by con-
figurational entropic forces involving the loops interconnecting the Ig domains. We 
suggested instead a model based on the exposure upon stretching of hydrophobic 
surfaces. Such a mechanism could be produced by either or both the two sequence 
elements observed in the I-band. 

To test this hypothesis and understand the role of the tandem Ig region in 
elasticity, two approaches were used: 

a) Several titin Ig domains from the I-band were produced and structurally 
characterized. Both the thermal and the chemical stabilities were investigated 
with a combination of techniques (i.e. fluorescence, CD and NMR) (Politou et al., 
1995). Although different stabilities were found, the general behavior of the I-band 
Ig domains does not suggest any exclusive feature which would differentiate them 
from the Ig modules from other regions. The structure of a representative single 
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domain (127) was solved (Improta et al., 1996). 127 shows a typical immunoglob-
ulin fold from the I-set with eight strands arranged in a ,B-sandwich (Fig. 1). 
Comparison of the structure of 127 with that of M5 shows that the most notice-
able difference is that two loops between the B and C and the F and G strands are 
shorter in 127. This confers a less elongated overall shape to 127. The shorter loop 
length is conserved only in the Ig domains from the I-band and it might therefore 
be related to the elastic properties of this region. 

To characterize possible interactions between single modules, we studied the 
thermodynamic propertiers of module pairs, the smallest structural unit that in-
cludes a module-module interface, and compared them with those of the corre-
sponding isolated domains. Our results show that the stability of a given module 
is only marginally different when the domain is covalently linked or is isolated, 
suggesting the presence of only weak interactions between modules. Since these 
would not be able to account for the observed stiffness, we must conclude that 
the tandem-Ig region do not give a major contribution to titin elasticity which 
must therefore be located in the PEVK-rich region. The Ig domains could be 
responsible for the considerable extensibility without tensile force observed at low 
stretching of muscle fibers. A model of the module interface, built on the basis 
of the sequence alignment of the I-band Ig domains and of the structure of 127, 
supports this hypothesis and suggests the presence of hinge regions between con-
tiguous modules. Changes in the relative arrangement of the domains would be 
allowed by bending of these flexible hinge regions. The shorter length of two loops 
in the I-band Ig modules could provide a larger degree of extensibility. 

b) Immunofluorescence studies were initiated by M. Gautel to map the 1-
band. This information, in combination with the structural studies, can be united 
into a more comprehensive model of the mechanical functions of titin. A panel 
of monoclonal antibodies were raised against sequence motifs of the titin I-band 
(in collaboration with F. Pietruschka, MPI Dortmund). These antibodies are cur-
rently being used to gain ultrastructural information at a highly resolved level by 
immunoelectron-microscopy (in collaboration with B. Bullard/K. Leonard) Move-
ment of their epitopes, in correlation to sarcomere length, can tell us the exact 
dimensions of defined molecular regions of titin depending on their mechanical 
state. 

Another important goal over the last year has been the structure determina-
tion of type I modules. From the 126 copies of type I modules found in cardiac 
titin, a representative sequence (A 71) was selected and expressed. The domain 
is very stable and well behaved from the NMR point of view. Complete spectral 
assignment was achieved showing features typical of the expected seven-stranded 
,B sandwich fold. On the basis of the measured NOE effects, structure calcula-
tions are in progress in collaboration with M. Nilges. The structure will provide a 
first example of an intracellular fibronectin type III module, so far found only in 
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extracellular proteins. 

Characterization of titin-binding proteins: C-protein (A. Freiburg 
and M. Gautel) - The cardiac isoform of C-protein (myosin-binding protein C) 
was cloned and the primary structure of the human protein solved (in collaboration 
with S. Labeit). This protein is believed to be involved in the adrenergic regula-
tion of cardiac contractility. It was demonstrate that the human cardiac isoform 
of C-protein contains isoform-specific phoshporylation sites for cAMP-dependent 
protein Kincrse and an associated Calcium-Camodulin dependent Protein Kinase. 
The chromosomal position of human cardiac C-protein was localized to llp11.2 
(0. Zuffardi, Universit di Pavia), making it a candidate gene for the chromosome-
11 form of hereditary Hypertrophic Cardiomyopathy (HCM or FHC) associated 
with this locus. This assumption was proved in collaboration with the group of K. 
Schwartz (INSERM Paris): due to a splice acceptor site mutation, the 6 C-terminal 
modules of cardiac C are deleted in two independent French families (Bonne et al., 
1996). This region is known to contain the myosin-binding domain. Biochemical 
studies show that the titin binding site is also localized in this region (Freiburg & 
Gautel, 1996). Therefore, this form of HCM abolishes the thick-filament targeting 
sites needed in the ternary complex of titin, C-protein and myosin. 

Nebulin (M. Pfuhl) -

N ebulin - a large protein (600-800 kDa) located in the thin filament of striated 
vertebrate muscle - is assumed to bind and stabilize F-actin. Nebulin molecules 
are coextensive with the thin filament and believed to dictate its uniform length 
by providing a template for actin polymerization thus acting as a 'molecular ruler'. 
In spite of its potential interest, however, relatively little direct biochemical and 
structural information is available for this protein also since attempts to purify it 
directly have only led to its unfolded form. Complete sequence determination of 
human nebulin has only recently been accomplished by Labeit's group (EMBL) 
showing a uniform modular structure along the whole length of the molecule. Up 
to 97% of the sequence is assembled from repeats of a sequence motif 35 amino 
acids long. Seven single repeats form the already identified super-repeats, of which 
there are 22 in human nebulin. The sequence similarity among single repeats that 
occupy the same position in different super-repeats is higher than the similarity 
between single repeats in the same super-repeat. At the Nand C-terminus of 
nebulin, the repeat structure breaks into a stretch 70 aminoacid long and an SR3 
domain respectively. 

In previous years, we characterized the structural behaviour of nebulin sin-
gle repeats and their boundaries. CD and NMR studies both in aqueous solution 
and in other media were carried out on synthetic 35 residue peptides spanning 
sequences chosen from the limited information available at the time in an attempt 
to mimic the in vivo environment (Pfuhl et al., 1994). They were shown to form 
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transient helices which could be stabilized by negatively charged environments. 
This behaviour suggested a model of the actin/nebulin interaction where large 
portions of nebulin would consist of tandem single repeats in helical conformation 
interacting with the negatively charged surface of actin. Nebulin could be accom-
modated in a groove almost parallel to the filament axis along the whole F-actin 
length. This groove would coincide with the phalloidin binding site. 

In light of the new sequence information, we have reconsidered our previous 
work and evaluate our assumptions. We have addressed the following questions: i) 
how similar/divergent are the repeats both in terms of conformational and binding 
properties? ii) what determines their observed conformational tendency and how 
does this correlate, if at all, with their binding affinities? iii) are there general 
trends along the repeats and/or along the molecule? Knowledge of the complete 
sequence allowed extensive theoretical analysis of the similarity of the single re-
peats revealing a progressive N- to C-terminal divergence that was mirrored in the 
theoretical analysis of their a-helix propensity. A number of synthetic peptides 
spanning the sequences of selected repeats from different regions of the molecule 
were obtained and their conformational and binding properties studied in detail 
(Pfuhl et al., 1996). All the peptides showed a tendency to fold as a transient 
helix in aqueous solution with helix content as observed by CD and NMR studies 
in excellent agreement with predictions. A higher helical tendency of repeats near 
the C-terminus was observed. Analysis of the influence of charged media as well 
as TFE on the folding of single repeats strongly suggested that the mechanism 
by which the nebulin a helix is stabilised is mostly electrostatic. In collaboration 
with S. Winder (MRC, Cambridge), we have also characterised the F-actin bind-
ing properties of the peptides. Peptides with higher helical content also showed 
a higher binding affinity to F -actin. Considerably varying effects were observed 
for the peptides on F -actin viscosity and polymerisation. We have suggested that 
the divergence in sequence and helical tendency may correlate with the functional 
data with regard to their significance for the assembly of the thin filament during 
myogeneSlS. 

The structure determination of the nebulin SH3 domain has also been started. 
Full NMR spectral assignment was achieved and structure calculations are cur-
rently in progress. It should be possible to reconstruct the most important features 
of the nebulin structure from its building blocks. 

Spectrin (G. Trave', J. Pascual) -

Spectrin, an actin binding protein present in almost all the animal cells, is the 
main component of the cortical cytoskeleton. It plays a connecting role between 
the cytoskeleton and the membrane. Two homologous units are associated in an 
antiparallel fashion. The a/ f3 hetero-dimer associate as a head-to-head tetramer. 
A large portion of the molecule is assembled by 100-120 aminoacid repeats. Re-
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gions with specialized functions, such as actin binding, are present along the se-
quence. C-terminally to a spectrin, a calcium binding region has been identified. 
In collaboration with M. Saraste and C. Sander we are working on two spectrin 
modules: the EF hands and one of the spectrin repeats. 

The calcium binding region was characterized showing that the last C-terminal 
150 aminoacids of alpha spectrin fold into a calmodulin-like conformation consist-
ing of two globular domains. Each of them contains two potential EF -hand motifs 
but while the N-terminus still binds to two calcium ions, the C-terminal region 
is highly degenerate and has lost its binding capability. In 1995, the structure of 
the N-terminal region was solved in the presence and in the absence of calcium 
(Trave et al., 1995). This study is not only interesting in view of a structural 
characterization of spectrin but also because comparison of the two structures can 
give us information about the mechanism by which EF-hands (one of the most 
common calcium-binding motifs) bind to calcium. A model, based on structure 
comparison of different domains and supported by preliminary NMR data, has 
suggested that EF -hands involved in signal transduction undergo a major confor-
mational change upon calcium binding from a "closed" to an "open" state allowing 
protein-protein interaction. Comparison of the solution structures of the EF -hand 
pair from a-spectrin in the absence and in the presence of calcium show that the 
structures are in a closed and open conformation respectively, providing a definite 
experimental proof to the closed-to-open model. Our results allow formulation 
of the rules which govern the movement induced by calcium. These rules may be 
generalized to other EF-hands since the key residues involved are conserved within 
the calmodulin family. The structure determination of the whole calmodulin-like 
domain is in progress. 

Spectrin repeats are sequence motifs predicted to adopt a left-handed coiled 
coil structure formed by three a-helices. However, the x-ray structure of a repre-
sentative repeat was published and showed a homodimer with secondary structure 
different from the predicted one. Since several evidences suggest that this result 
might be an artifact of crystallization, we have started a project to characterize 
a spectrin repeat in solution. By analytical ultracentrifugation, the isolated do-
main was shown to form monomers even at NMR concentrations mM). Full 
NMR spectrum assignment was achieved. From secondary structure determina-
tion· as well as from coupling constants and relaxation measurements, we could 
show conclusively that the domain folds as a monomeric three-helix bundle. 

RNA-binding proteins: 

Of the four RNA-binding motifs sofar recognized (RNP, RGGjRGY, KH and 
dsRBD), the last two have been identified only recently and therefore much less 
well characterised. The structure of representative members of each of the two 
families were determined in our group. The two prjects have been carried out in 
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collaboration with T. Gibson, M. Nilges, G. Stier (Suck's group) and M. Macias 
(Oschkinat's group). 

KH domain (G. Musco, G. Trave', C. Joseph) -

The fragile X syndrome is the most common inherited cause of mental re-
tardation in humans and is associated with molecular alterations of the FMR1 
gene. FMR1 encodes an RNA binding protein which is either absent or mutated 
in patients affecUd by the syndrome. Sequence analysis of the FMR1 protein has 
suggested that RNA-binding might be related to the presence of two KH mod-
ules. The KH sequence motif is also present in a number of unrelated proteins 
whose only common feature is that they are in close association with RNA. We 
present here the 3D solution structure of a KH module, as solved by a combi-
nation of homo and hetero-nuclear NMR techniques (Castiglione Morelli et al., 
1995; Musco et al., 1996). Because of uncertainty in identifying the boundaries of 
the KH motif in FMR1, we chose a more clearly defined KH sequence from vig-
ilin, a ribosome-associated protein. Calculations were performed with an iterative 
protocol which progressively incorporates new restraints on the base of calculated 
structures and a NOESY cross-peak list. The KH domain consists of a f3aaf3f3a 
fold. Our results show that the originally defined KH module requires additional 
C-terminal sequence to form a structurally independent unit. This allows us to 
redefine the boundaries of the KH sequence family and, in particular, the mini-
mal sequence necessary to obtain the two KH modules of FMR1 as folded chains. 
This is essential for any further characterization of their biochemical properties. 
A multiple sequence alignment based on our structure suggests a potential sur-
face for RNA-binding close to the loop between the first two helices. This loop 
is flexible suggesting an induced fit mechanism for the interaction with RNA. We 
further show that the stability of the KH fold can be drastically compromised by 
introducing a mutation in one of the well conserved hydrophobic sites located on 
the second helix. Mutation of this position in FMRI has been documented to lead 
to a severe fragile X phenotype, which can now be ascribed to disruption of the 
domain fold. 

dsRBP motif (H. Kharrat, L. Vangelista) -

dsRBD, a motif found exclusively in proteins which recognise dsRN A, was first 
noted as a 70 residue motif repeated five times in the Drosophila developmental 
protein staufen and twice in the DAI protein kinase involved in the interferon 
response. The structure of E. coli RNase III dsRBD was solved last year (Kharrat, 
et al. 1995). The domain has an a - beta - beta - beta - alpha topology in which 
a 3-stranded anti-parallel f3-sheet packs on one side against the two helices. In 
spite of the similarity of the secondary structure elements common to both KH 
and dsRBD, their topology is completely unrelated. Attempts to characterize the 
binding to RNA were made. A number of mutants were produced to check the 
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influence of a number of residues on the stability of the fold and on the RNA 
binding properties. Sofar all the mutants produced remain stably folded. Their 
RN A binding properties will be checked next. 

Allergenes (G. Musco, 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 allergenes and of the 
mechanism induces allergic reactions is therefore of very high importance. 
In collaboration with groups in Vienna and Milano, we have started a structure 
characterization of Bet vI (from birch) and Lol pII (from rye grass). 

Work in collaboration with external group: 

P. Arosio (Milano, Italy) B. Dobberstein (Heidelberg, Germany) A. M. Lesk 
(Cambridge, UK) H. Molinari (Verona, Italy) A. Motta (Napoli, Italy) V. Saudek 
(Strasbourg, France) K. Schwartz (INSERM Paris, France) J. Trinick (Bristol, 
UK) R. Valenta (Vienna, Austria) O. Zuffardi (Universit di Pavia) S. Winder 
(Cambridge, UK) 

Publications during the year 

Castiglione-Morelli M.A., Stier G., Joseph C., Musco G., Pastore A. and 
Trave' G. (1995) The KH module folds into an alpha-beta structure. Febs Letts 
358, 193-198. 

Furst, D.O. and Gautel, M. (1995) The anatomy of a molecular giant: how 
the sarcomeric cytoskeleton is assembled from molecules of the immunoglobulin 
superfamily. J. Mol. Cell. Cardiol. 27, 951-959. 

Gautel M., Castiglione Morelli M.A., Pfuhl M., Motta A. and Pastore A. 
(1995) A Calmodulin-Binding Sequence in the C-Terminus of Human Cardiac 
Titin Kinase. Europ. J. of Biochem. 230, 752-759. 

Gautel, M., Zuffardi, 0., Freiburg, A., and Labeit, S. (1995) A phosphory-
lation switch in human cardiac myosin-binding protein C specific for the cardiac 
isoform: A modulator of cardiac contraction? EMBO J. 14, 1952-1960. 

Kharrat H., Macias M., Gibson T., Nilges M. and Pastore A. (1995) Structure 
of the dsRNA binding domain of E. coli RNAse III. EMBO J. 14,3572-3584. 

Muhle-Goll C., Nilges M. and Pastore A. (1995) The Leucine Zippers of the 
HLH-LZ Proteins Max and c-Myc Preferentially form Hetero-Dimers. Biochem-
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istry 34, 13554-13563. 

Pfuhl M., Gautel M., Politou A., Joseph C. and Pastore A. (1995) Secondary 
structure determination by NMR spectroscopy of an immunoglobulin-like domain 
from the giant muscle protein titin. Journal of Biomolecular NMR 5, 48-58. 

Pfuhl M., and Pastore, A. (1995) Tertiary structure of an Ig-like domain from 
a giant muscle pr?tein titin: a new member of the I set. Structure 3, 391-401. 

Politou A., Thomas D. J. and Pastore A. (1995) The folding and stability of 
titin immunoglobulin-like modules, with implications for the mechanism of elas-
ticity. Biophys. J. 69, 2601-2610. 

Seidel, R., Scharf, B., Gautel, M., Kleine, K., Oesterhelt, D. and Engelhard, 
M. (1995) The primary structure of sensory rhodopsin II: a member of an addi-
tional retinal protein subgroup is coexpressed with its transducer, the halobacterial 
transducer of rhodopsin II. Proc. Natl. Acad. Sci. USA 92, 3036-3040. 

Trave' G., Lacombe P. J., Pfuhl M., Saraste M. and Pastore A. (1995) Molec-
ular mechanism of the calcium-induced conformational change in the spectrin do-
main. EMBO J. 14, 4922-4931. 

Other References 

Bonne, G., Carrier, L., Bercovici, J., Cruaud, C., Richard, P., Hainque, B., 
Gautel, M., Labeit, S., James, M., Weissenbach, J., Vosberg, H.-P.,Fiszman, M., 
Komajda, M. and Schwartz, K. (1995) A splice-acceptor site mutation in the 
cardiac myosin binding protein-C gene is associated with familial hypertrophic 
cardiomyopathy. Nature Genetics, in press. 

Freiburg, A. and Gautel, M. (1995) A molecular map of the interactions of 
titin and myosin-bindig protein C: implications for sarcomeric assembly in familial 
hypertrophic cardiomyopathy. Eur. J. Biochem. in press. 

Improta, S., Politou, A. S. and Pastore, A. (1996) Immunoglobulin-like mod-
ules from titin I-band: extensible components of muscle elasticity. Structure ac-
cepted. 

Musco, G., Stier, G., Joseph, C., Castiglione Morelli, M. A., Nilges, M. Gib-
son, T. J. and Pastore, A. (1995) Three-dimensional structure and stability of the 
KH domain: Molecular insights into the Fragile X syndrome. Cell accepted. 

Pfuhl, M., Winder, S. J., Castiglione Morelli, M. A., Labeit, S. and Pastore, 
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A. (1995) Correlation between conformational and binding properties of Nebulin 
Repeats. J. Mol. BioI. in press. 

Pfuhl M., Winder S. & Pastore A. (1994) Nebulin, a helical actin binding 
protein. EMBO J. 1782. 

Politou, A., Gautel, M., Improta, S., Vangelista, 1. and Pastore, A. (1995) 
The elastic I:band region of titin is assembled in a 'modular' fashion by weakly 
interacting Ig-like domains. J. Mol. BioI. in press. 

Figure legends: 

Figure 1 - Molscript representation of the structure of a titin immunoglobulin-
type module. 

Figure 2 - Molscript representation of the KH domain from Vigilin. 
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Group leader: Hartmut Oschkinat 

Fellows: Lorenz Mitschang, David Croft, 
Maria Macias-Hernandez, Johan Schultz*, 
Anne Ulrich, Virginie Gervais*, Thomas 
Mueller* , Helena Domingues*, Bernd 
Simon*. 
Visitors: Andreas Bringmann* 
Assistants: Jennifer Ashurst, Stewart 
Moulton* 

NMR spectroscopy yields important 
information about the structure and 
dynamics of proteins and nucleic acids in 
solution. The application of three- and four-
dimensional NMR allows to determine 
structures of proteins up to 15kD in a routine 
manner. Further developments such as 
partial deuteration has extended the range of 
NMR spectroscopy to proteins with a 
molecular weight of approximately 35 kD. 
We are interested in two aspects of 
biomolecular NMR.: the development of 
NMR techniques for improving data 
collection, and the determination of protein 
structures with emphasis on protein ligand 
interactions. The biological questions 
addressed concerned the mode of interaction 
between protein domains involved in signal 
transduction mechanisms and their presumed 
ligands. In this respect, the interaction of the 
PH domain from p-spectrin with inositol 
phosphates was studied, and the interaction 
of the WW domain, a new poly-proline 
binding motif, with a prolin-rich peptide. 
Further developments of NMR techniques 
are necessary in order to provide spectra of 
superior quality, and to improve the 
specificity of its information content. The 
first issue aims also at techniques applicable 
to large proteins, whereas the latter is 
important as a basis for automation. Along 
these lines, studies concerning optimization 
of sequences of pulsed field gradients were 
undertaken, and studies as to an optimal 
deuteration level of larger proteins. Solid 
state investigations on uniformly labelled, 
precipitated chlorophylls showed the 
potential of solid state NMR for structure 
determination of biomolecules. The 
development of a program for the automated 
assignment of multidimensional NMR 
spectra progressed considerably. 

The interaction of the PH-domain 
from B-spectrin with inositol 

phosphates. 
(M.Macias) 
The pleckstrin homology (PH) domain is 
relatively abundant in signalling proteins, 
but little is certain about its biological 
fun.ction. In 1994 evidence was provided 
which suggested that the PH domain from 
Pleckstrin binds to posphoinositol-
containing liposomes. Considerable 
specificity with respect to the binding of 
phosphatidyl-inositol-l,4,5- trisphosphate 
(PiP2) was detected by Harlan et al. (1994). 
As specificity must be due to interactions 
between domain and phospholipid head 
group, we investigated the interaction of 
various inositol phosphates with the spectrin 
PH domain by NMR. The highest specificity 
was found for inositol-l,3,4- trisphosphate 
and inositol-l,3,4,5- tetra phosphate. The 
NMR. spectra of the former in complex with 
the spectrin PH domain showed strong 
disturbance of chemical shifts for the amino 
acids K8, R21, 522, W23, K71. NOB to 
522 were also observed. These effects 
indicated clearly the position of the inositol 
derivative on the positively polarized region 
of the surface. To obtain a more detailed 
picture, the NMR coordinates were used to 
solve the X-ray structure of the complex (for 
details see reports of M. Saraste and M. 
Nilges). 

The structure of the WW domain 
from human Y AP65 in complex with 
a proline-rich target peptide 
(M. Macias) 
The WW domain has recently been identified 
as a new family analogous to Src-homology 
2 and 3 (SH2, SH3), pleckstrin homology 
(PH) and phosphotyrosine-binding (PTB) 
domains, which are present in a variety of 
proteins involved in signal transduction. Its 
name refers to two tryptophans which are 
highly conserved. The basic module has 
been predicted to consist of approximately 38 
amino acids with a high content of 
hydrophobic, aromatic and proline residues. 
It is present in the Yes-kinase-associated 
protein (YAP), dystrophin, various 
ubiquitin-protein ligases, the transcription-
factor activator FE65 and proteins binding to 
fonnin. Some of these proteins contain two 
or more copies. 
The domain from Human Y AP65 (Yes-
Kinase-associated Protein, hu YAP) which 
contains only one copy, and which has been 
shown to bind to proline-rich peptides with a 
consensus sequence PPxY in vitro. The 



biological relevance of the interaction 
between proline-rich ligands and WW 
domains is supported by Chan et al.10 who 
have screened expression libraries for 
proteins binding to formins which are 
proteins important for limb and renal 
development. Using the proline-rich C-
terminus of a formin as a probe, this screen 
resulted in eight different clones encoding 
proteins that either contain SH3 domains 
(three) orWW domains (five). This suggests 
that WW domains may function as an 
alternative recognition site for proline-rich 
peptide ligands. Worth of note, similar 
ligands bind to SH3 domains which have 
until now been regarded unique in 
recognition of prolylpeptides. 
We have determined the structure of the WW 
domain from hu YAP in complex with the 
peptide GTPPPPYTVG (Fig. 1). The 
structure consists of a slightly bend three-
stranded .B-sheet, which binds the proline-
rich peptide utilising stacked aromatic 
residues. Tight contacts between those 
aromatic residues and the prolines are 
observed, and the tyrosine is accommodated 
on a relatively hydrophobic area of the 
protein surface made up by a leucine, 
threonine methyl groups, and a histidine. 
This explains the specificity of our WW 
domain with respect to a motif including 
large hydrophobic residue following the 
proline sequence. 

Coherence transfer selection by 
pulsed field gradients 
(L. Mitschang, Bernd Simon) 
An rf pulse (or a pulse train) acts as a 
perturbation to a spin system in a coherent 
state srs and brings about coherence transfer 
steps which mix coherences of different 
orders. A particular sequence of coherences 
successively generated during a multi-pulse 
experiment forms a coherence transfer 
pathway. These pathways can be represented 
by a coherence transfer pathway diagram. 
Each NMR pulse experiment is characterized 
by a specific coherence transfer pathway that 
needs to be selected to promote it from just a 
pulse sequence to a certain experiment. 
There are two alternatives for signal 
selection, the application of phase cycling 
procedures and the application of sequences 
of pulsed field gradients during an 
experiment 
For many high-resolution NMR-experiments 
sequences of pulsed field gradients have 

been reported by now. However, there is no 
general procedure yet to deduce a suitable 
sequence of pulsed field gradients in all 
cases. This is in contrast to the method of 
phase cycling where a discrete Fourier-
transform relation enables the calculation of 
the phase settings. For signal selection by 
field gradients, there are heuristic rules for 
the proper refocusing of individual 
coherence transfer steps, but they do not 
allow to consider all possible gradient 
sequences. Also, the suppression of 
unwanted signals can only be considered in a 
second step. This becomes a problem when 
gradients are employed at several points of a 
particular sequence. The gradients used for 
the selection of different steps may then 
interact with each other and lead to an 
accidental refocusing of unwanted pathways. 
For these reasons, a formalism for the 
calculation of suitable sequences of pulsed 
field gradients for signal selection in any 
NMR pulse experiment has been worked 
out. It is based on a geometrical 
interpretation of the action of pulsed field 
gradients. The formalism allows the 
determination of the most efficient sequence 
of pulsed field gradients for the refocusing 
of all desired pathways, and for the 
suppression of all undesired ones at the 
same time. In essence, it is based on an 
embedding of coherence transfer pathways 
and gradient sequences into a vector space, 
and the formulation of the conditions for 
defocusing and refocusing as inner products 
of the vectors. If a sequence of coherence 
orders occurring during a pulse sequence, 
i.e. the coherence transfer pathway, is 
expressed as a vector p, and a sequence of 
gradients as s, a signal is refocused when 
ps is zero, and defocused when the product 
is large. In other words, the vector 
representing the gradient sequence must be 
orthogonal to the space containing the 
wanted pathways in order to allow them to 
be refocused. Different algorithms for the 
calculation of gradient sequences along these 
lines were set up. The program is available 
on request 

Automated assignment of 
multidimensional NMR spectra 
(D. Croft) 
Automated assignment ofNMR spectra is an 
important requirement for 'large scale 
structure determination' which could be seen 
as a necessary analytical tool within genome 
projects. There have been several attempts to 



automate the process of spectral 
assignments. None of the approaches 
however, works in the manner of an expert: 
system with minimal or no manual 
interference. In most cases, the signals 
present in two, three or four-dimensional 
NMR. spectra are detected by certain peak 
picking routines, and the resulting 
frequencies (one for each dimension) and 
amplitudes are collected in so-called peak 
lists. Noise and-incomplete information 
require usually manual editing of these lists, 
and the combination of peaks to pattern 
requires attention by an operator. We are 
experimenting with pattern recognition 
routines which deliver the frequencies of 
whole peak pattern, such as amino acid side 
chains and or chosen backbone topologies 
using a mask scanning technique. 
Preliminary results confirm its potential for 
complete automation and hence large scale 
structure determination. 

Small membrane proteins by 
solution-state NMR 
(Anne Ulrich) 
Currently, possibilities are being explored 
for the investigation of membrane proteins 
that may be solubilized in small micelles 
while retaining their activity. 
It now seems feasible to tackle such proteins 
by NMR due to a number of recent technical 
developments such as the development of 
multidimensional NMR in connection with 
isotope labelling, protein deuteration, and 
the higher sensitivity of the NMR 
spectrometers. In preliminary experiments, 
suitable NOESY spectra of solubilized 
bacteriorhodopsin have been obtained, 
showing NOEs due to protons of the retinal 
in the inner membrane parts. In addition, 
13C-IH HMQC correlations of 
bacteriorhodopsin in the presence of light 
and without light were obtained. 
It is intended to explore the methodology 
necessary for the investigation of small 
membrane proteins and to investigate the 
structure of the cbromophore environment of 
bacteriorhodopsin. 

Labelling concepts in solution and 
solid state NMR (EMBL labelling 
facility) 
(1. Ashurst, U. Fischer, S. Moulton) 
The quality of structures determined by 
NMR improves when isotope labelling is 
applied. For larger proteins it is 

indispensable. To serve the scientific 
community in Europe, 13C,15N-Iabelled 
media are produced on the basis of 
photoautotrophically growing organisms. 
Recently, new labelling concepts involving 
protein deuteration were shown to be 
essential for structure determination of large 
proteins in solution. Although complete 
deuteration of non-exchangeable sites is 
useful for the assignment of backbone 
resonance's, the so-called CBCANNH and 
CBCA(CO)NNH techniques require, of 
course, samples with some protons at the 
respective carbons. On the other hand, 
dilution of protons decreases relaxation, and 
hence enhances sensitivity to a certain 
extent. To determine an optimum. deuteration 
level, samples with 0, 50 and 75 % 2H, 
98% 13C and lSN of an SH3 domain were 
prepared and signal intensities measured for 
different correlation times. Long correlation 
times were achieved by adding glycerol and 
cooling the sample. It turned out that a 
deuteration level of approximately 60% is 
optimal. 
Solid state NMR is developing into an 
important technique for structural 
investigations on intact membrane proteins. 
Although there is in principle an equivalent 
to NOESY in solid state NMR, i.e. dipolar 
correlation spectroscopy, its applicability· 
was so far limited to selectively labelled 
samples because of the expected line 
broading due to too many dipolar 
interactions in uniformly labelled samples. 
In order to investigate the possibility of 
measuring uniformly labelled samples, we 
prepared u_13C-chlorophyll a, which was 
precipitated from water to form chlorosome-
like aggregates. A two-dimensional MAS 
dipolar correlation spectrum showed 
relatively narrow lines, and demonstrated. the 
usefulness of uniform carbon labelling in 
solid state NMR. 

Publications during the year: 

Geometrical representation of 
coherence transfer selection by pulsed 
field gradients in high-resolution 
nuclear magnetic resonance. 
L. Mitschang, H. Ponstingl, D. 
Grindrod and H. Oschkinat. 
J. Chern. Phys., 102, 3089-3098 
(1995). 

MAS NMR structure refinement of 



uniformly 13C enriched chlorophyll 
a/water aggregates with 2D dipolar 
correlation spectroscopy. 
G.J. Boender, J. Raap, S. Prytulla, 
H. Oschkinat, HJ.M. de Groot. 
Chern. Phys. Lett., 237, 502-508 
(1995). 
Assignment and secondary-structure 
determination of monomeric bovine 
seminal ribonuclease employing 
computer-assisted evaluation of 
homonuclear three-dimensional 1 H-
NMR spectra. 
A. D'Ursi, H. Oschkinat, C. Cieslar, 
D. Picone, G. D'Alessio, P. Amodeo, 
P.A. Temussi. 
Eur. J. Biochem .. 229, 494-502 
(1995). 

Structure of the binding site for 
inositol phosphates in a PH domain. 
M. Hyvonen, M.J. Macias, M. 
Nilges, H. Oschkinat, M. Saraste, M. 
Wilmanns. 
EMBO J., 14,4676-4685 (1995). 

Sensitivity enhancement of 
experiments for spectral assignment 
and structure determination of proteins 
by random fractional deuteration. 
D. Nietlisbach, R. T. Clowes, R. W. 
Broadhurst, J. Keeler, M. Kelly, H. 
Oschkinat, P. J. DomaiIle and E. D. 
Laue. 
J. Am. Chern. Soc., in press. 

Other references: 

Pleckstrin homology domains bind to 
phosphatidylinositol-4,5-
bisphosphate. 
Harlan, J.E., Hajduk, P.J., Yoon, 
H.S. and Fesik, S.W. 
Nature, 371, 168-170 (1994). 

Fig. 1 
MoIscript representation of the 
model describing the interaction 
between the Y AP65 WW domain and 
a proline-rich peptide. 







NMR structure determination and model building 

Group Leader: Michael Nilges 

Visitors: Dinu Gherman*, Karina Abagian*, Georg Tuparev* 

Fellows: Roger Abseher*, Niklas Blomberg*, Wendy Cornell*, Claudia 
Muhle-Goll, sean O'Donoghue, Chalaoux 

Assistants: Raj Thiagarajan*, David Grindrod 

Structure refinement 

(Karina Abagian, Sean O'Donoghue, Dinu Gherman) 

Methodological developments: Automated interpretation ofNMR 
spectra The basis of further developments of our structure calculation 
method is the use of ambiguous distance restraints (Nilges, 1995). These al-
low the use of distance information from ambiguous NOE crosspeaks, which 
are then assigned automatically during the structure calculation. Automatic 
methods will become especially important for the structure determination 
of larger proteins with heteronuclear NMR, since the ambiguity increases 
with molecular mass. 

Noise is a major problem with the automated interpretation of NMR 
spectra; the interpretation method has to be able to distinguish between 
peaks containing structural information, and those arising from a number 
of artefacts. Identifying the "true" NOE peaks in a noisy peak list is more 
difficult problem in the automated approach than is the assignment of am-
biguous data. The concept of ambiguous distance restraints allows the sep-
aration of the two aspects: a peak is used in the structure calcula.tion if 
it satisfies certain criteria., and is then assigned automaticaJly during the 
structure calcula.tion. 

At present, we reject a peak if it gives rise to a restraint violation in the 
majority of calculated structures. We have optimized the criteria used for 
the rejection, and developed methods to automatically calibrate ambiguous 
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cresspeaks, and to merge several spectra which contain partially overlapping 
information. 

In the present form, the method still needs a small number of crosspeaks 
to be selected by hand. This is necessary because of the insufficient accu-
racy of peak-picking in general (important information is ignored). We will 
undertake further developments, concentrating on improving the selection 
method (improving peak picking methods, including spin diffusion correc-
tions), and on increasing the performance of the overall calculation strategy. 
Overall, the methods we have developed in the last few years have led to 
the following improvements: 

1. The structure determination process is speeded up considerably, 

2. fewer assumptions are made in NOE assignment, hence the results is 
less biased, and 

3. assignment is now often much easier than with previous manual meth-
ods. 

Refined. solution structure of the PH domain from mouSe (3-
spectrin Much of the testing and development of the method was done 
during the refinement of the solution structure of mouse hpectrin. Struc-
tures that were of intermediate quality in several respects (for example, 
they had relatively high conformational energies and rms differences to the 
average structure) were already sufficiently accurate to obtain the molecu-
lar replacement solution of the X-ray crystal structure of the same molecule 
when bound to D-myo-inositol-1,4,5-triphosphate (Ins(1,4,5)Pg) (Hyvonen 
et al., 1995). 

For the final structures shown in figure 1, we have used an improved 
calibration method and two spectra at different mixing times. The accuracy 
of the structures is close to what is currently believed to be the limits of the 
technique: for secondary structure elements, the backbone rms difference to 
the X-ra.y crystal structure (Hyvonen et al., 1995) is below 0.6 A. The major 
differences between the NMR structure and the X-ray crystal structure are 
in regions of the protein involved in the binding to Ins(1,4,5)Pg, or in regions 
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that could not be well determined by NMR as evidenced by a large spread 
of conformers. 

figure 1: superposition of PH x-ray and NMR 

Other applications of the method The combination of an iterative 
assignment strategy with ambiguous distance restraints was used for the 
first time for the determination of the structure of the double- stranded 
RNA-binding domain from E. coli RNase III (Kharrat et aZ., 1995). For 
the structure of the KH domain from vigillin (with Giovanna Musco and 
Annalisa Pastore, EMBL), we have used essentially the same protocol as for 
the PH domain. 

The ensemble of solution structures of the Jun leucine zipper (figure 2) 
shows that the structure can be defined very well even from a higly ambigu-
ous data set. The structure calculation was difficult since the data (from 
Keith Junius and Glenn King, Sydney University, Australia) contained not 
only symmetry ambiguities hut also many chemical shift degeneracies, due 
to the helica.l nature of the structure, and the regular sequence composition. 

*** figure 2: jun ensemble 

In collaboration with the group of Gottfried Otting at the Karolinska. In-
stitute in Stockholm, Sweden, we have applied the method to glutaredoxin, 
and, in a first application with heteronuclear spectra, the method was used 
in the structure determination of protein disulphide isomerase (Johan Kem-
mink and Tom Creighton, EMBL). 

Towards an NMR molecular replacement method The above meth-
ods deal with the assignment of ambiguous NOE crosspeaks once the proton 
frequencies are known. In a complementary project, we are working on an 
approach to assign the proton frequencies from a known structure. The 
aim is to use only information that can be obtained from NOE spectra. At 
present, Dinu Gherman has written a program framework that will be used 
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to combine different optimization approaches, and visualize the results. The 
framework is layed out in a very general way, so that different optimization 
methods can be used (simulated annealing, genetic algortihm), and new 
functionality can be added easily. 

Protein dynamics 

Chala.oux, Wendy Cornell, Roger Abseher) 

Molecular dynamics calculations are an extremely valuable tool to inves-
tigate fast dynamics of macromolecules and the effect on NMR data. This is 
of relevance for three-dimensional structures derived from NMR data, since 
local dynamic behaviour of a macromoleule has a strong effect on the exper-
imental data that is used to derive its three-dimensional structure, notably 
on the NOE effect. Chala.oux is continuing the analysis of 
a long dynamics trajectory of BPTI, to extract NMR parameters that can 
then be used to test refinement methods. The far aim of this project is to 
develop anew, unbiased way of using distance restraints from NOE data in 
structure calculations, to replace the "distance geometry" paradigm gener-
ally in use today. The goal is to improve the accuracy of structures derived 
from NOE data, beyond what is the present limit (e.g. Smith et aI., 1994). 

In a related project, Roger Abseher will investigate how correcting dis-
tances extracted from NMR data for dynamics effects will affect the quality 
of NMR structures (Abseher et al., 1994,1995), in collaboration with the 
Oschkinat group. In a project started by Wendy Cornell, we are trying to 
understand the effect of slower and correlated motions on NMR data, using 
normal mode analysis and related techniques. 

Experimental studies 

(Claudia Muhle-Goll, Niklas Blomberg) 

The determination of the three-dimensional structure of a Fibronectin 
Type III like domain of Titin is near completion. This is the first intra-
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cellular.fibronectin domain of which the three-dimensional structure will be 
available. The homology to other fibronectin domains is low (the highest is 
28%, to neuroglians). Claudia Muhle-Goll has expressed and purified the 
protein, performed the NMR measurements and completed the resonance 
assignment. The secondary structure shows interesting differences to other 
fibronectin domains. Our preliminary three-dimensional structures show 
largest similarity to the structure of a neuroglian FNIII domain (Huber et 
al., 1994). Several other protein domains are being expressed for structural 
studies. 
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Publications during the year 

Folmer, R.H.A., Nilges, M., Konings, R.N.H., and Hilbers, C.W. (1995). 
Solution structure of the single-stranded DNA binding protein of bac-
teriophage Pm. EMBO J., 14, 4132-4142. 

Hyvonen, M., Macias, M.J., Nilges, M., Oschkinat, H., Saraste, M., and 
WIlmanns, M. (1995). Structure of the binding site for inositol phos-
phates in a PH domain. EMBO J., 14, 4676-4685. 

Kharrat, A., Macias, M.J., Gibson, T., Nilges, M., and Pastore, A. (1995). 
Structure of the dsRNA binding domain of E. coli RNase III. EMBO 
J., 14, 3572-3584. 

Konings, R.N.H., Folmer, R.H.A., Folkers, P.J.M., Nilges, M., and Hilbers, 
C.W. (1995). Three-dimensional structure of the single-stranded 
DNA-binding protein encoded by gene-V of the iilamentous bacte-
riophage M13 and a model of its complex with single-stranded DNA. 
FEMS Microbiol. Rev., 17, 57-72. 

Muhle-GolI, C., Nilges, M., and Pastore, A. (1995). The leucine zippers 
of the HLH-LZ proteins Max and c-Myc preferentially form hetero-
dimers. Biochemistry, 34, 13554-13564. 

Nilges, M. (1995). Calculation of protein structures with ambiguous dis-
tance restraints. Automated assignment of ambiguous NOE cross-
peaks and disulphide connectivities. J. Mol. BioI., 245, 645-660. 

Prompers, JJ., Folmer, R.H.A., Nilges, M., Folkers, P.J .M., Konings, 
R.N.H., and Hilbers, C.W. (1995). Refined solution structure of the 
Tyr41-tHis mutant of the M13 gene V protein. A comparison with 
the crystal structure. Eur. J. Biochem., 232, 506-514. 

Other references 

Abseher, R., Liidemann, S., Schreiber, H., & Steinhauser, O. (1994). Influ-
ence of molecular motion on the accuracy of NMR-derived distances. 
A molecular dynamics study if two solvated model peptides. J. Am. 
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Figure legends 

1. Superposition often NMRstructures (thin lines) and the X-ray crystal 
structure of mouse ,B-spectrin. 

2. The ensemble of NMR solution structures of the Jun leucine zipper 
homodimer. 

Collaborations 

• Keith Junius, Glenn King (University of Sydney); Refinement of en-
dothelin III and jun. 

• Rutger Folmer, Cornelius Hilbers (University of Nijmegen); Refine-
ment of single-stranded DNA binding proteins; model building of 
single-stranded DNA / protein complexes. 

• Gottfried Otting, Karolinska. Institute, Sweden; Glutaredoxin struc-
ture. 
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Cell Biophysics Programme. 

Introduction 

The Electron Microscopy applications and development group has obtained excellent results on the 
correction of the Low Voltage SEM and, as a major improvement, a Micro Channel Plate detector was 
added to the set-up allowing image acquisition at low noise and high gain. Good progress has been 

for the correcti9n of the 200 kV Transmission Electron Microscope; a resolution of the order of 
1.3 A was reached. This project is carried out with the fmancial support of the VW foundation. 
In the future, the activities in Electron Microscopy at EMBL will be restricted to the improvement of 
commercially available microscopes, of sample preparation for high resolution electron microscopy, cryo-
electron microscopy and immuno-EM microscopy. To optimise sample preparation a new cryo-preparation 
system was built and tested. Several applications of the Cryo-STEM to mass measurements exploiting the 
unique facilities of this instrument were carried out. 

The development of advanced light microscopes by the Light Microscopy group has been very productive 
in the past years with the two-photon absorption, fast confocal, 4Pi confocal and theta confocal 
microscopes. Highly performant multiple beam optical tweezers developed by the group are now in use by 
biologists. Further, these photonic tweezers will be used to develop new sensitive surface-probing devices 
and possibly a 3-D scanning probe instrument. Work on video microscopy was continued as the recent 
progress in digital image compression hardware allows to optimise this well used technique. 

The Scanning Probe Microscopy group focuses on Scanning Tunnelling and Atomic Force Microscopy 
applied to the observation of biological samples. Good collaborations with biologists, both inside and 
outside the EMBL exist and several interesting biological questions are investigated. On the instrumental 
side, the development of adequate sample preparation techniques and devices has got high priority, in 
particular the preparation under ultra-clean conditions of homogeneous conducting surfaces appropriate 
for the observation of biological specimens. 

The Microcomputing and Data Acquisition group has focused its activities in three areas: development of 
electronics for time-resolved Synchrotron Radiation experiments, fast Digital Processor based multi-
processor architectures for data acquisition hardware and biocomputing applications and finally image 
processing method developments for the detection and quantification of particles and features with the 
ultimate goal of automatic analysis of time series. New developments in semiconductor detectors are 
followed very closely for their potential use in high resolution, high speed applications. This effort goes in 
parallel with the support for the conventional wire detectors developed at the Grenoble outstation. 

During this year the possible opening of a new line of research involving collaborations between biologists 
and physicists has been explored. We hope that this will develop into new investigations on the 
quantitative modelling of complex biological systems. We believe that a strong Programme combining 
biology oriented physics and the development of new microtechniques, working in close collaboration 
with biologists should fare very well at EMBL. 





STEM & SEM Application and Electron Microscope Development 

Group leader: M. Haider 
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Fellows: 
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G. BraWlShausen (Melbourne) (VW), P. Koeck (Graz) (EMBL), 
E. Schwan (Heidelberg) (VW), R. Wepf (ZUrich) (DFG) 

S. Uhlemann* (Darmstadt,FRG), H. Rose* (Darmstadt, FRG), K. Urban* 
Oiilich, FRG), I. Papassideri* (Athens), J. L. Popot* (Paris) 

Application of the Scanning Transmission Electron Microscope (STEM) 

The major interest in the STEM for applications lies with work associated with mass 
measurement or high resolution imaging of structures that give insufficient detail or 
contrast when viewed by conventional transmission electron microscopy (TEM). An 
example of the latter was the imaging of stained bacterial flagella filaments 
with high resolution dark field scanning transmission electron microscopy (Fig. 1). With 
dark field STEM images one obtains a linear contrast transfer function, whereas with 
bright field transmission electron microscopy the contrast, as a result of the phase-
contrast imaging mode, greatly depends on the defocus and the spherical aberration. 
This work was carried out in collaboration with S. Trachtenberg from the University of 
Jerusalem, Israel. 

Fig.: 1 



The majority of the S1EM applications involved mass measUl'eIIl:ents: these included the 
mass determination of the unit cell of the innermost chorionic layer of a Drosophilia 
melanogaster (in collaboration with Issodoria Papassideri, University of Athens). 

Another collaborative project carried out was with Jean-Luc Popot from the Institute de 
Biology Physico-Chimique, Paris. Here the STEM is being used to help in the study of 
integral membrane proteins. The STEM is being used to image and then provide 
accurate molec:mar weight determinations of the membrane proteins. The proteins are 
comprised of 200 kD of proteins and about 150 kD of detergent. The advantage of the 
STEM for this work is that it not only allows one to determine the mass of the proteins 
but it also allows to look at the protein particles in their native state. The preservation is 
being achieved by rapid freezing and freeze drying and subsequent imaging being 
carried out on the sample at a very low temperature (4 K). With STEM dark field 
imaging no additional processing of the images is required. 

With the use of the Multichannel detector the Cryo-STEM has the advantage of being 
able to carry out absolute mass determinations (mass determination without an internal 
standard). This makes the subsequent processing of the sample much easier. One other 
advantage of this detector is that one can optimise the detector configuration to best suit 
the electron scattering properties of the sample. Thus the Cryo-STEM can be used for 
samples that cover a broader mass spectrum. 
The various applications involved the continuation of mass measurements of vaccinia 
virus and virus particles during states of assembly and disassembly which occur during 
cell infection by the virus. This work was carried out in collaboration with the Griffiths 
Group. 
Another in-house STEM project was the mass analysis of aerolysin 2D crystals. Here the 
data obtained in the form of mass per unit area of the aerolysin membrane crystals or 
tubes could be used to determine the cross-section of the membrane spanning domain 
(collab. with K Leonard). 

LV -/ Lt-SEM and Cryo-preparation 

Best structural preservation of biological samples can be obtained by fast freezing 
techniques or by high pressure freezing, depending on the volume of the sample. To 
preserve the integrity of such physically immobilised and fixed biological structures 
until imaging, the specimens have to be kept at a low temperature during all 
preparation steps. Over the last two years we have, with the help of the workshops, set 
up a cryo-preparation chain consisting of a high vacuum cryo-preparation chamber 
(CPC - Fig. 2a), a cryo stage (-140°C - RT) on our FESEM (Fig. 2b) and a versatile high 
vacuum cryo transfer unit (cryo-airlock - Figs. 2a & b item 6). The preparation chamber 



allows us to expose the surface of biological samples by freeze-fracture or freeze drying, 
coating the specimen by unidirectional or rotary shadowing or by planar magnetron 
sputter coating at any temperature between -140° C and RT. For coating the preparation 
chamber is equipped with one planar magnetron sputter head and two electron beam 
heated evaporators. In addition, the preparation chamber is equipped with a mass 
spectrometer which allows us to determine the drying condition of the specimen at a 
given temperature from different solvents such as water or ethanol. During 
manipulation inside the chamber the specimen is protected against contamination by a 
cold finger at -IS0ac and a movable cryo-shield at -160°C. The specimen stage is 
transferred via a magnetic coupled airlock into the pre-pumped and pre-coold 
preparation chamber and sits on a magnetic coupled manipulator which allows tilting, 
shifting and Simultaneously rotation of the specimen without any distortion of the 
vacuum. During operation the CPC reaches a vacuum in the range of 1-3"'lo-Bmbar. 
To transfer the specimen between the specimen preparation chamber and the LVSEM or 
HVSEM we have constructed a high vacuum transfer unit (cryo-airlock). This device 
allows us to transfer specimens at low temperature under a pressure of -4"'10-7 mbar 
while cryo protected through a liquid nitrogen cooled anti contamination shield. In 
future a similar device will be constructed to allow transfer to and from the Cryo-TEM's 
and the Cryo-STEM. This will allow us to acquire data from different imaging 
techniques from similarly prepared samples or from the same sample using the CPC as 
an exchange chamber. 

With this set-up we are now able to investigate different cryo fixation and cryo 
preparation steps to improve the surface imaging of cells and macromolecular 
complexes and compare them with standard preparation after chemical fixation. In 
addition we are able to compare HVSEM and LVSEM on optimaly preserved uncoated 
and coated biolOgical samples (Fig. 3 vs. Fig. 4). 

Development of Electron Microscopes 

The Low Voltage Scanning Electron Microscope (L VSEM) 

a) Corrected high resolution L VSEM 
The major step in the improvement of the corrected low voltage SEM in 1995 was the 
replacement of the semiconductor detector in the microscope by a Micro Channel Plate 
(MCP). The MCP shows a very low noise and a very high gain which is largely 
independent of the electron energy between 500 V and several kV. We are presently no 
longer limited by electronic noise, but by the statistical noise of the signal electrons. This 
allows imaging at a very low beam current of only a few pA. We were able to observe 



uncoated biological samples (e.g. macrophages, Fig. 4) without major visible charging 
effects. 
After reducing the magnetic stray fields in the microscope room by a factor of 5 through 
different measures, we are now able to take largely distortion-free images at 
magnifications above 100 000 x. 

The corrected k V Transmission Electron Microscope (TEM) 

The feasibility study carried out with the old CM 20 TEM was finished in June and 
hence, the set-up of an ultra high resolution TEM was started by exchanging the CM 20 
with a new Philips CM 200 FEG, which is fully financed by the VW-Foundation (DM 1 
457000.-). The first investigation on this TEM resulted in an information limit of 0.13 
nm. This information limit is important because it defines the point resolution one can 
achieve with the correction of the spherical aberration. After extension of the column 
this information limit was not affected and therefore this important prerequisite 
towards a point resolution of 1 A is fulfilled. 

Progress was made in the analysis of the electron optical imaging parameters with our 
quantitative CCD image acquisition system. Four competing techniques are at the 
disposal of the operator, each with its own particular advantages and disadvantages: 
1) cross-correlating two images, one with axial the other with oblique illumination, and· 

varying the azimuthal direction of the illumination tilt around a hollow cone, 
produces image-displacement vectors as a function of the illumination tilt vectors 
with constant magnitude. A Fourier-analysis with respect to the azimuthal angle 
then separates the imaging aberrations into classes of n-fold rotational symmetry. 
Repeating this procedure for different tilt-magnitudes allows the Defocus and 
spherical Aberration component of the class n=O to be separated. 

2) With the same hollow cone illumination technique the induced astigmatism can be 
made visible via the display of the image-diffractograms. The angular dependence of 
the induced astigmatism allows both qualitative and quantitative determination of 
the n>O classes of aberrations. 

3) Again, guiding the illumination tilt around a hollow cone, but this time using a spot 
focused beam, produces a similar error-figure as in method 1. Here, however, the 
figure can be made continuous giving a quick qualitative appreciation of the n>O 
aberration classes. 

4) Finally, using a crystalline sample, with axial illumination focused to a spot on the 
object plane (critical illumination), Bragg reflections are generated by the sample. 
These are subject to the imaging aberrations of the objective lens on the imaging side 
only. When the objective lens is in exact Gaussian focus, these diffracted beams are 
all reconverged to the central spot with only indiscernible deviations. Under 



defocused conditions, however, these beams separate and their positional deviations 
with respect to the expected crystal symmetry are the direct consequence of the 
imaging aberrations at work. Thus, with a single image all lower order aberration 
coefficients may be determined at once. An extra bonus is the internal calibration of 
the scattering angles by means of the known Miller indices of the reflections. 

Publications durinS the year 

J. Zach & M. Haider, Correction of spherical and chromatic aberration in a low voltage 
SEM, Optik 98 (1995) 112-118 

M. Haider, G. Braunshausen and E. Schwan, Correction of spherical aberration of a 200 
kV TEM by means of a Hexapole-corrector, Optik 99 (1995) 167-179 

M. Haider and J. Zach, State of the development of multipole correctors for a probe-
forming system and a high resolution 200 kV TEM, Proc. 53rd ann. meeting of MSA, 
Begell Publishing, New York, (1995) 596 

J. Zach & M. Haider, Aberration correction in a low voltage SEM by a multipole 
corrector, Nucl. Instr. a. Meth. in Phys. Res. A 363 (1995) 316-325 

G. Begemann, A. M. Michon, 1. v. d. Voorn, R Wepf and M. Mlodzik, The Drosophila 
orphan nuclear receptor Seven-up requires the Ras pathway for its function in 
photreceptor determination, Development 121 (1995) 225-235 

S. D. Fuller, B. E. Gowen, S. Reinsch, A. Sawyer, B. Buendia, R Wepf and E. Karsenti, 
The core of the mammalian centriole contains g-tubulin, Current Biology 5/12 (1995) 
1384-1393 

Fig. captions : 

Fig. 1 The image shows a negatively stained flagella filament of Salmonella 
typhimurium which was recorded in the STEM dark field mode at a magnification of 
200000 x with the sample maintained at a temperature of 4 K 

Fig.2 A) High vacuum cryo preparation chamber: on each face of the octagon an 
additional device is mounted beginning from the bottom left; a mass spectrometer (1), a 
electron beam heated gun (2) , a planar magnetron sputter head (3), the second electron 
beam heated gun (4), a viewing port (5), the airlock docking station (6) and at the 
bottom right electrical feed-throughs and vacuum gauges (7). Note the airlock is 



hooked up to the preparation chamber. B) the high resolution FESEM modified with a 
cryo-stage inside the camber with the high vacuum cryo airlock (6) hooked up ready for 
transferring the specimen holder. 

Fig. 3 Phagocytosis of coated Latex beads (5 J.1IIl) by Macrophages (in collaboration 
with M. Diakonoval G. Griffiths - Cell Biology). The cells are grown on carbon coated 3 
mm discs (d=0.05 mm) and plunged frozen into liquid ethane. Subsequently, 
they are freeze substituted in ethanol at -BOoC; after freeze substitution the samples are 
re-frozen by plunge freezing and freeze dried and coated with 2nm W at -90°C. The 
samples are then high vacuum cryo-transferred and imaged at about -100°C in the 
FESEM 
A & B) partially trapped Latex beads; note the fine filopodias (diameter 100-200 nm) 
formed on the leading edge of the membrane ruffles. The overall membrane is well 
preserved as seen in the overview C) as well as in the background in A & B. 

Fig. 4 Uncoated macrophages, quick frozen, freeze-substituted and then freeze-dried 
from ethanol, observed at room temperature in the corrected LVSEM at a beam current 
of 10 pA. The exposure time was 16 s. Only very smaIl charging artefacts are visible. 
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Microcomputing and Data Acquisition 

Staff information 

Group Leader: C. Boutin 

Scientists and Engineers: T. Bastian, F. D'Annunzio, A. Epstein, J. Khazaie, J.-C. Olivo 

Visitors: D. Leroy.*, J. Deubler*, P.-A. Lambert*, F. Briquet-Laugier* 

David Leroy: left end of January 95 
From INSA Lyon (French Embassy) 
Pierre-Arnaud Lambert: from April 95 to end of July 95 
From Universire de Haute-Alsace - Mulhouse, France (DAAD) 
Joachim Deubler: 
From University Stuttgart, Germany. 
Frederic Briquet-Laugier: started June 1995 
from ESSI, Nice-Sophia Antipolis, France (French Embassy) 

External Collaborations C. Boulin 

H.G. Zacbmann: Inst. f. techno and macromol. Chemistry & HASYLAB, Hamburg 
Instrumentation for polymer science 

P. Vachette: LURE, Orsay, France 
Time..,resolved small angle scattering instrumentation 

P. Jarron & E. Heijne: CERN, Geneva, Switzerland 
High speed, low-noise front end electronics for X-ray detectors 

J. Lauter: Forschungszentrum Jillich, lillich, Germany 
GaAs avalanche photodiodes for X-ray applications 

External Collaborations J.-C. Olivo 

B. Desvergnes, Institut de Biologie Animale, Universite de Lausanne, Lausanne 
bnage processing software and hardware solution for biological image analysis 

G. Tran van Nbieu, INSERM U 389, Institut Pasteur, Paris 
bnage processing software for bacterial image quantitative analysis 



The Microcomputing and Data Acquisition Group concentrates its activities in three areas: 
a) development of detector electronics for high speed time-resolved Synchrotron Radiation 
scattering experiments, b) fast digital processor systems (multi-processor architectures) for various 
applications and c) development of image processing methods for biological applications. 

For fast Synchrotron Radiation instrumentation developments we rely both on collaborations with 
our Grenoble and Hamburg Outstations and with CERN (Geneva). To study fast dynamics of 
macromolecular assemblies multiwire chambers provide the best solution, although some recent 
developments- in high density low-noise electronics will certainly, in the not too distant future, 
allow the use of silicon micro-strip and pixel detectors. We are currently developing a new fast wire 
per wire detector and its associated readout electronics. 

The power of parallel computing is well established. The design of standard hardware building 
blocks, implemented with, for example, high performance DSPs, can be the basis for the 
construction of massively parallel and/or pipelined systems able to carry out at high efficiency 
computation intensive algorithms or data acquisition tasks. A new project using a R3000 Reduced 
Instruction Set Computer (RISC) was started to provide compact hardware solutions for several 
on-going projects. 

Image processing is a tool which is becoming increasingly important in modem molecular biology. 
Ongoing activities already help to address biological problems related to the quantitative analysis 
and the comparison of images. The automatic detection and counting of particles for 
immunomicroscopy images using reconstruction of an orthogonal wavelet decomposition proved to 
be very successful. Work on automatic image registration using the wavelet transform is going on 
and will be used for 3D reconstruction of serial sections. Future demand for innovative algorithms 
will concern automatic time sequence analysis, motion analysis, shape analysis, 3D image analysis 
and image restoration in scanning probe techniques. In particular, with the ever increasing use of 
video microscopy, the quantitative analysis of cell movement, of movement in cells or of the 
deformation of the cells is beginning to be recognised in cell biology. 

Data Acquisition for Synchrotron Radiation 

Linear Wire per Wire Gas Detector and Associated Electronics 

As announced in last year's report, the manufacture of the detector front-end boards, the fast data 
link to the main acquisition boards and the detector motherboard were completed by the end of the 
:first quarter. We received the MICA preamplifier-discriminator chips (an Application Specific 
Integrated Circuit designed by Smart Silicon Systems, Lausanne) from CERN during the summer. 
We then started the assembly of the boards which required extensive use of the Surface Mounting 
facility. As the :MICA chips were purchased untested, a special test bench was built and 100 
channels successfully tested. Unfortunately, the final tests on the chamber itself had to stop 



abruptly as the chamber showed signs of sparking problems. Consequently the chamber was sent 
back to the Grenoble Outstation to be repaired. Tests on the embedded front end electronics will be 
resumed as soon as the chamber comes back, fully serviced and tested. at the beginning of 1996. 
The design of a highly parallel data acquisition for the 200 channels was evaluated and its 
construction will start early next year so that we can expect a real test of the complete system, on 
the Small Angle Scattering beamline at Hamburg, by rilid-1996. 

Fast Time-to-Digital Encoding System 

We are still investigating the feasibility of high resolution and fast Time-to-Digital Converters. The 
aim is to replace existing modules capable of up to 1 M-Events/s with 9 bit dynamic range and 1 ns 
resolution. A continuous effort in this domain is necessary to make sure that future X-ray gas 
chambers produced at the EMBL Grenoble Outstation will cope with the demands of the 
synchrotron user community for very high count rates. The development of this kind of acquisition 
electronics is very difficult: to gain a factor of two proved to be often more than a technical 
challenge. To reach a resolution of a few hundred picoseconds at very high counting rates 
(> 1 MHz) one must use electronic components which are only found in supercomputer Central 
Processing Units. Such modules are simply not commercially available, and therefore we have to 

build them from very specialised discrete components. The group is still fully committed to 
supporting users with existing modules. 

Delay Line Gas Chamber Simulator 

The commissioning of several delay line based gas chamber acquisition gave us the 
opportunity to use and improve a simulator developed in 1993 to mimic the signals coming out of a 
real detector. This module proved to be essential for carrying out complete tests of our data 
acquisition systems in a very quantitative way. 

The simulator generates five NIM pulses, one anode pulse and 2 cathode pulses per axis, in various 
ways. A free-running mode allows the continuous generation of randomly located events either in 
one-dimensional mode (linear detector) or in two-dimensional mode (area detector). The event rate 
can either be set at a pre-selected frequency between 125 KHz and 2 MHz or randomly varying 
within the same range. It has a resolution of 1 ns, and 8-bit dynamic range thus simulating the 
behaviour of a 250 ns delay line. Front panel thumbwheels can be used to set the event position 
anywhere in the 256x256 area. A burst mode randomly and uniformly :fills the 256x256 
hitting each location only once. An additional connector simultaneously addresses the 
histogramming memory, allowing direct digital tests. This test module will now be engineered as a 
NIM module and will then be integrated routinely in our data acquisition systems for tests and 
calibration purposes. 



New GaAs Avalanche photodiode X-Ray Detector 

In a collaboration with scientists from Jiilich we plan to exploit new GaAs micro-structures to 
detect and localise high flux X-rays. A complete low-noise, high-gain fast acquisition system was 
designed to test these newly developed GaAs avalanche photodiodes (APD). The APD has an 
intrinsic gain of about 50 to 100 which means that the detection of single X-ray photons at energies 
below 10 KeV will become possible using available front-end electronics. Their pulse response in 
the time domain is well below 1 ns. These characteristics make them better suited than for example 
silicon micro-strips. 

Our prototype analogue front-end has the following characteristics: 10000 electrons floor noise 
with a triangular pulse shaping, 10 ns peaking time and 30 ns falling tail. The overall gain is 74 dB 
and the 3-dB cut-off frequency is 9 MHz. The prototype consists of four preamplifiers and ECL 
discriminators, a 3 metre long differential twisted pair digital transmission link: and a CAMAC 
board fitted with 8-channel, 16-bit deep scalers. An on-board 15 ns access time and 16-bit x 1024 
deep FIFO per channel, allows real-time counting up to 66 MHz. The complete acquisition set-up 
showed that it was feasible to count up to 32 M-Eventsls with 25000 electrons or 9 M-Eventsls 
with 15000 electrons injected into the front-end. In the near future, we hope to test a first prototype 
lO-elements GaAs APD array on the Hamburg beamline as this technology couId become an ideal 
tool for very high count rate scattering experiments. 

New Time Frame Generator and Calibration Channel Unit 

Time-resolved experiments of biological macromolecules are required to follow the evolution of the 
scattering data in a time-range of some microseconds for fast processes. To enable the recording of 
all the information large histogramming stores are required for the data part (images or spectra). 

The Time Frame Generator module produces real-time synchronisation and auxiliary control 
signals required to conduct automatically time-resolved small angle scattering experiments. A 
second module called the Calibration Channel Unit collects ancillary data such as beam. intensity, 
sample temperature, and similar parameters associated with the experimental conditions. These 
ancillary data are typically used to monitor the progression of the experiment and are also required 
to normalise the acquired experimental data. The inputs to this unit are usually generated from the 
physical signals by fast voltage-to-frequency conversion. 

The Time Frame Generator provides inhibit, framing, frame addressing and up to seven extra 
programmable pulsed output signals. The inhibit signal is an active low signal, showing the actual 
state of the experiment and remains active as long as the experimental sequence is in progress. The 
framing signal alternates between two states coding for active and wait frames. Data are collected 
during active frames and inhibited during the wait frames. The pulsed outputs are generally used to 



trigger the necessary secondary events such as activating a sample changer or starting a temperature 
jump or gradient for the sample environment 

The unit is fully programmable via the CAMAC interface. A sequence of up to 8192 time-frames, 
each of which can be defined independently, is written to a fast internal memory around which the 
module is organised. The memory words are 24 bits wide and describe all the parameters or actions 
associated with the individual frame. The frame sequence loaded in the memory can be repeated up 
to 4K times according to the setting of the lap counter. The programmed timing sequence loaded in 
the on-board memory is run and stopped via normal CAMAC commands or, when accordingly set 
up, can be synchronised through the front panel start and/or stop inputs. 

The module is built as a single unit-wide CAMAC board. Most of the logic required for the 
module's functionality is implemented using a programmable Logic Cell Array (XILINX 4000 
FPGA). The block diagram of the so-called Time-Frame Engine is given in Plate nn. 

We also designed a modular 16-input Calibration Channel Unit (CCU). The CCU is implemented 
with a CAMAC interface and housed in a double-width module. The motherboard accepts two 8-
channel counter and histogramming sub-modules. The autonomous memories on the sub-modules 
are seen as a contiguous block of memory when accessed from the motherboard. Two 16-bit 
CAMAC read or write cycles are required to access each piece of histogram data. The read and 
write address is supplied from an auto-incrementing address pointer that is initialised via CAMAC. 

The CCU is set up through the CAMAC interface. Once put in run-mode the counters respond to 
the incoming events when enabled by the framing and inhibit signals from the front panel. These 
signals and the frame address are provided from the external TFG module. 

These two modules will become commercially available to Synchrotron Radiation users early in 
1996 as we have started to negotiate a licence agreement with a commercial company (Struck -
Electronics for High Energy Physics and Industry, Tangstedt, Germany). 

Other hardware support activities 

Our group is also committed to technically supporting other design activities related to electronics or 
facilities shared by many instrumentation groups at EMBL. The placing and soldering of Surface 
Mounted Components for example, although now physically located in the Electronics Workshop 
as a common facility, is still technically supported by us. Crucial advice on how to use the 
machines and how to design efficiently with this technology in mind, proved to be helpful for other 
groups, including our outstations. 

The group specific know-how in very high speed and dense electronics in both analogue and digital 
techniques, was more than willingly shared. The group also possesses state-of-the art fast 



· instruments (1 G-sample/s digitising oscilloscope, nanosecond rise time pulse generator) which 
were often used to measme key parameters for diverse in-house projects and necessitated 
measurement techniques advice. 

We manufactured ion deflection grids and tested, on the bench, fast high voltage switches for the 
Mass Spectrometer of the Protein and Peptide Group. The feasibility of fast pulse compression 
front-end electronics was investigated and the design of a prototype may be carried out if it proves 
viable. It will allow the optimisation of pulse timing by decreasing the sensitivity to high amplitude 
pulses, thus allowing correct sampling of low amplitude ones, within the fixed dynamic range of 
the acquisition system. The goal to reach would be to compress two or more orders of magnitude 
into an 8-bit linear range, following a logarithmic law or a more simple square root law. The timing 
resolution accuracy requirement means that this compression should work with an analogue 
bandwidth of 400 MHz or more. 

R3000 32·bit micro controller board 

In the past, some X-ray detectors were interfaced to DECN AX computers using a parallel 
input/output board supplied by DEC. This year, work has been carried out on a new detector 
interface based on the SCSI bus manufacturer independent industry standard. Hence, any modem 
general purpose computer can be connected via the SCSI bus to the X-ray detector system and act 

as a data acquisition controller. Developments achieved so far include an interface board, a test-data 
generator and software for the interface and host computer. 

The interface board is organised around a MIPS R3000 family processor connected to a SCSI bus 
controller and detector data input FIFOs. The latter provide the necessary buffering scheme 
between the board and the detector itself. The SCSI bus controller is a specialised processor device 
which implements the SCSI bus protocol and therefore considerably offloads the main processor. 

The test-data generator has been built to simulate the data source from the detector. Programmable 
devices are used to generate well know data streams. Thus one can easily assess the proper 
functioning of the interface and the communication with the host. 

The software for the interface has been developed in C language using the GNU tools for the :MIPS 
R3000 processors. The main function are the communication with the host over the SCSI bus and 
the handling of the input data stream. Controlled acquisition by a SCSI bus based host computer is 
possible through a well defined set of SCSI bus commands. 

Also provided are functions for on-the-fly data corrections which can be dynamically downloaded 
by the host. 

Unix Instrumentation Cluster - Software Support Activities 



One of last year's challenges was the upgrade of all Unix machines in the Instrumentation Cluster 
from SunOS 4.x to SunOS 5.x operating system. So far, we have been very satisfied with the 
move as a whole set of new technologies became available for software engineering. Also, the new 
operating system runs on three different hardware platforms (SP ARCIINTEL x861P0werPC). 

The new software possibilities have been used in all our current projects. One interesting project 
was the parallelisation of a fast wavelet transform which we had developed beforehand. Using the 
multithreading facilities of SunOS 5.x it turned out that the parallel version of the wavelet transform. 
scaled well with the number of processors used. 

Image processing 

Automatic detection of spots in biological images 

We have developed a method whereby the extraction of spots from gray-level biological images is 
accomplished by globally transforming the image and by locally and adaptatively modifying the 
transformed image. The method is based upon selectively filtering an undecimated wavelet 
decomposition of the image through the use of wavelet thresholding and correlation. Since spots 
are big local discontinuities in the image, the proposed strategy is to trace and to reinforce their 
wavelet signature across a number of resolution levels and to use the resulting information to 

accomplish recognition. The method has proved to be very efficient on a set of test images. 

Automatic serial-section registration 

To register light microscopy images of serial cross-sections of biological samples and to define an 
automatic procedure for the processing of a whole stack of images, we have used the 
multiresolution approach provided by the Wavelet Transform in order to define a coarse-to-fine 
assessment of the dissimilarities between the images. This method considers both geometrical 
differences between two images and local deformations in the images, which generally result from 
the sectioning procedure. By using the perfect reconstruction property of the inversible wavelet 
transform., an aligned image is reconstructed from the corrected projections of the misaligned 
image. 

Publications during the year 

Deubler, J., Bastian, T., Boulin, C. and Olivo, J.-C. (1995) Automatic registration of serial 
sections using a wavelet-based multiresolution approach, IEEE EMBC '95 , pp 383-384 

Olivo, J.-C. (1995) Automatic detection of particles in immunolabelled images by wavelet-based 
selective SPIE, Applications ojDigitalImage Processing XVIII, 2564, pp 301-310 



Olivo, J.-C., Deubler, J. and Boutin, C. (1995) Automatic image registration using a wavelet-
based multiresolution approach, SPIE, Wavelet Applications in Signal and Image Processing III, 
2569, pp 234-244 

Epstein, A. and Boutin, C. (1995) High Capacity, High Speed Histogramming Data Acquisition 
Memory. Proceedings of the IEEE Conference on Real-Time Computer Applications in Nuclear 
Particle and Plasma Physics, pp 58-60. 

Khazaie, 1. B. and Boutin, C. (1995) Time Frame Generator for X-ray Detectors and Data 
Acquisition Systems for Synchrotron Radiation Applications in Molecular Biology. Proceedings of 
the IEEE Conference on Real-Time Computer Applications in Nuclear Particle and Plasma Physics, 
pp 61-64. 

Khazaie, J. B. and Boulin, C. (1995). An 8-Channel Counter and Histogramming Sub-module: the 
Basic Building Block for Fast Real-Time Data Acquisition Systems. Proceedings of the IEEE 
Conference on Real-Time Computer Applications in Nuclear Particle and Plasma Physics, pp 65-
69. 

Boulin, C., Epstein, A., Khazaie, 1. B., Gabriel, A., Golding, F. R. and Koch, M. H. 1. (1995). 
A new Data Acquisition System For Static and TIIIte Resolved X-ray Scattering and Diffraction 
Using Multiwire Proportional Chambers. HASYLAB Annual Report, vol n, pp 1033-1034. 

Deubler,l. (1995) Automatic registration of serial sections using a wavelet-based multiresolution 
approach, Diplomarbeit, University of Stuttgart, Dpt. of Mathematics. 



Plate nn: Functional Block Diagram of the Time Frame Engine. The whole design is implemented inside 
one XC4000 Logic Cell Array from Xilinx. The present version makes use of 95% of the available logic 
blocks. This high occupancy factor could only be reached through the simultaneous use of the advanced 
routing and placement software (XACTstep) and the careful optimisation of the architecture. 
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Research Report 1995 
light Microscopy Group 

Group Leader: Ernst H.K. Stelzer 
Fellows: Ernst-Ludwig Florin'" (Miinchen) (Deutsche 

Forschungsgemeinschaft), Steffen Lindek (Heidelberg) 
(Boehringer Ingelheim Fonds), James P. White'" (Stanford) 
(National Science Foundation, USA) 
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Visitors: Renata Bobik'" (Krakow, Poland) (DFG), Markus Hartung'" 
(Heidelberg), Antje Suppinger* (Heidelberg), Thorsten Wohland 
(Heidelberg) 

Assistants: Stefan Albrecht, Nicholas J. Salmon, Thomas Stefany"', Reiner 
Stricker 

The group has investigated new confocal fluorescence microscopes, two-photon 
absorption in fluorescence microscopy, and the forces relevant for photonic 
tweezers. Users of the compact confocal microscope have been supported both at 
the instrument, and in post-processing their data. 

Theta Microscopy 
The principal idea used to improve resolution is that by decreasing the volume 
occupied by both illumination and detection PSFs, there is a decrease in volume 
in which fluorescence molecules are observed. A recent development is a 
microscope in which the observation axis is orthogonal to the illumination axis. 
Since the azimuthal angle is changed we have chosen to call it confocal theta 
fluorescence microscopy. The axial resolution is three times better than with 
confocal fluorescence microscopy. An instrument that uses three water-
immersion lenses with moderate numerical aperture allows us to perform 
experiments with several arrangements using single- and two-photon excitation. 

the theta microscope immerses all lenses and the sample in water, 
refractive index matchlng is perfect and basically unchanged across a working 
distance of 2 .mm. The confocal theta fluorescence microscope is therefore well 
suited to the observation of large objects such as whole embryos. A lot of the 
time in 1995 was spent in carefully evaluating the instrument experimentally 
and theoretically and to decide on an improved design for an instrument that is 
suitable for everyday research purposes. 
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Optical transfer functions were calculated for the confocal theta fluorescence 
microscope. Since the illumination and the detection lenses are orthogonal, the 
transfer functions do not exhibit cylindrical symmetry about the illumination 
axis. We show that in an ideal noise-free system confocal theta microscopy 
increases the cut-off spatial frequency along the illumination axis by a factor of 3.5 
to 3.7 for a numerical aperture of 0.75. In a system with 10% noise the 
improvement by confocal theta microscopy is even greater, between a factor of 4.1 
to 4.4. This explains the improved three-dimensional imaging properties of theta 
microscopy. 
In confocal theta fluorescence microscopy, two objective lenses with circular 
apertures are used. We have shown that annular illumination and detection 
apertures lead to a reduction in the extent of the point-spread function. A spatial 
resolution improved by more than 50% can be achieved with a central 
obstruction blocking the inner 80% of the diameter. For the limit of a very 
narrow annular aperture and a numerical aperture of 0.75, the volume at half-
maximum of the point-spread function is reduced from 15 to 5 attoliter. 

Two-Photon-Spectroscopy 
Fluorescence emission after two-photon absorption of coumarins and xanthenes 
in an alcoholic solution was measured in the tuning range of a femtosecond-
pulsed titanium-sapphire laser (750-840 nm). Xanthenes, which have a low one-
photon absorption in the near UV, show a higher fluorescence signal after two-
photon absorption than the UV-excitable coumarins. When fluxes of 1028 

photons / (cm2 s) are used, the two-photon absorption cross sections for 
xanthenes are one order of magnitude higher than the two-photon absorption 
cross sections of the coumarins. Absolute cross sections have been estimated for 
three coumarins and three xanthenes. For the xanthenes a significant 
wavelength-dependent departure from the expected fluorescence intensity square 
law was observed. The coumarins follow the square-law dependence. An 
important consequence is that in two-photon microscopy of xanthenes the 
resolution is worse than generally expected. 

Photonic Tweezers 
Photonic tweezers are based on the interaction of a laser beam with dielectric 
objects. The tweezers generate electro-magnetic fields with a gradient pointing 
towards the optical axis and in some locations towards the direction of the 
incoming beam of light. Particles can therefore be trapped laterally and axially. 
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Recently it has been shown that the continuous-wave (cw) laser power in an 
optical trap is sufficient to induce a three-photon phenomenon. 

We were able to show that the position of a fluorescently labeled latex bead 
relative to the focus of a beam (as defined by geometrical optics) can be monitored 
by the fluorescence emission intensity. The emitted intensity is highest when the 
object is close to the focus and decreases as the probe's distance from the focus 
increases. The laser beam of the optical tweezers then serves two purposes: a) it 
determines the position of the probe with the geometrical focus as the origin of 
an inertial reference frame, and b) it induces the emission of a signal that is 
proportional to the probe's position in the coordinates of the inertial reference 
frame. When moving the optical trap the bead will follow. However, 
interaction of the bead with mechanical objects in its microscopic neighbourhood 
can prevent the bead from following the movement of the laser beam. The 
change in its position (relative to the moving focus) results in a corresponding 
intensity change and is recorded as a function of the position of the focus. Our 
setup is therefore meant to be used as a sensitive surface-probing device. The 
first experiments served two purposes: a) they demonstrated that a three-photon 
phenomenon occurs; b) they showed how the fluorescence emission could be 
applied to measure the elastic properties of soft biological material such as 
neuronal cells. The change in position of fluorescent beads captured inside the 
focal volume of optical tweezers was monitored using fluorescence emission 
induced by two-photon absorption of a continuous-wave Nd:YAG laser (A. = 1064 
nm). The displacement of a bead due to interactions with its environment leads 
to an intensity variation, an effect that is used to design a novel spatial sensor. 
We thus determined changes in the axial position of a Cy3-labelled latex bead 
with a diameter of 1.03 J.1IIl with a precision better than 10 nm. At an intensity of 
600 mW /J.1IIl2 the two-photon bleaching rate was lower than 50% per 2000 sec. 

In another investigation axial and lateral trapping forces of photonic tweezers 
were theoretically investigated for latex spheres with radii between 0.4fJlIl and 
5J.1IIl, taking into account the plane of polarization of the laser beam. Assuming 
an infrared laser (A = 1.064 J.1lIl.) this corresponds to the intermediate regime (r = 
A) between Rayleigh (r « A) and Mie scatterers (r » A) where currently discussed 
theories are no longer valid. A theoretical approach that uses the properties of 
Gaussian beams and takes the radius of microspheres and its submicroscopic 
interaction with the surrounding medium into account was found. Axial and 
lateral trapping forces (as a function of the polarization of the trapping beam) 
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were calculated numerically for three particle radii (O.5flIn, 1.0flIn, 
Significant differences were found for lateral forces parallel and perpendicular to 
the plane of polarization. Potential wells and spring constant were calculated for 
a number of biologically relevant particles. Simplified analytic expressions for 
the trapping position and the extension of the trapping range in photonic 
tweezers were derived. 

Green fluorescent protein 
An in-house collaboration with Dr. Nilsson (Cell Biology Programme) was 
started to develop the methodology to easily make use of Green Fluorescent 
Proteins (GFPs). A specific project which concentrates on proteins involved in 
traffic across the Golgi has been started. In the course of these investigations we 
intend to set up all required facilities that allow us to insert up to three different 
GFPs and to visualize them simultaneously. 

Video microscopy 
In a collaboration with Dr. Hyman (Cell Biology Programme) we modified the 
existing video-microscopy software such that the analog video disk player we 
have used in the past is now replaced by a compressing frame grabber. Images 
can now be grabbed and stored digitally on a hard disk at a rate of 8 frames per 
second. The image can be played back and standard image-processing tools can be 
used to perform the usual signal-processing tasks. 

Figure 
The fluorescence emission of a bead captured by optical tweezers and monitored 
as a function of the relative axial position of the table. Negative values indicate a 
position above the specimen. (+1-+) The probe approaches the cover slip. (000) 
The probe approaches the soft biological material in neurons on the same cover 
slip. The fact that the two curves have different slopes can be interpreted as the 
elastic response of the plasma mebrane (incl. bilayer, cytoskeleton etc.) of the 
neuronal cell. Assuming that both the optical tweezers and the plasma mebrane 
act as Hook springs we conclude that (under these conditions) the spring constant 
of the plasma mebrane in neurons is 6-10 times the spring constant of the optical 
tweezers. 

Publications during the year 

Bradl J, Schneider B, Rinke B, Stelzer EHK, Dunn M, Hausmann M, Cremer Chr 
(1995) A versatile 2x tilting device for conventional light- and confocal 
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laser scanning microscopy, Zoological Studies (Academia Sinica, Taipei, 
Taiwan),34:178-179. 

Ells R, Bertin E, Saracoglu K, Rinke B, Schrock E, Usson Y, Robert-Nicoud M, 
Stelzer EHK, Olassery JM, Cremer T, Cremer Chr (1995) Application of 
confocal laser microscopy and three-dunensional Voronoi diagrams for 
volume and surface estimates of interphase chromosomes, J Microsc, 
177(2):150-161. 

Fischer A, Cremer Chr, Stelzer EHK (1995) Fluorescence of coumarines and 
xanthenes after two-photon absorption with a pulsed titanium-sapphire 
laser, Appl Opt, 345(12):1989-2003. 

Hell SW, Stelzer EHI< (1995) Lens aberrations in confocal fluorescence 
microscopy. In Pawley JB (edt): "Handbook of Biological Confocal 
Microscopy," Plenum Press, New York and London, 347-353. 

Lindek S, Stelzer EHK, Hell SW (1995) Two new high-resolution confocal 
fluorescence microscopies (4Pi, Theta) with one- and two-photon 
excitation, In Pawley JB (edt): "Handbook of Biological Confocal 
Microscopy," Plenum Press, New York and London, 417-429. 

Reinsch S, Stelzer EHK (1995) Confocal microscopy of polarized MOCK epithelial 
cells. In Celis IE (edt) "Cell Biology: A laboratory handbook," Academic 
Press, New York,2:89-95. 

Rinke B, Bischoff A, Meffert MC, Scharschmidt R, Hausmann M, Stelzer EHK, 
Cremer T, Cremer Chr (1995) Volume ratios of painted chromosome 
territories 5, 7 and X in female human cell nuclei studied with confocal 
laser microscopy and the Cavalieri estimator, Bioimaging, 3:1-11. 

Rosin A, Wohland Th, Stelzer EHK (1995) Calculation and measurement of the 
axial forces exerted by photonic tweezers, Zoological Studies (Academia 
Sinica, Taipei, Taiwan), 34:167-169. 

Stelzer EHK (1995) The intermediate optical system of laser- scanning confocal 
microscopes. In Pawley JB (edt): "Handbook of Biological Confocal 
Microscopy," Plenum Press, New York and London, 139-153. 

Stelzer EHK, Cremer Chr, Lindek S (1995) Theory and applications of confocal 
theta microscopy, Zoological Studies (Academia Sinica, Taipei, Taiwan), 
34:67-69. 

Stelzer EHK, Lindek S, Albrecht S, Pick R, Ritter G, Salmon NJ, Stricker R (1995) 
A new tool for the observation of embryos and other large specimens: 
confocal theta fluorescence microscopy, J Microsc, 179(1):1-10. 

Stelzer EHK, Salmon NJ, Storz C (1995) Fast confocal beam scanning laser 
fluorescence microscope for single-photon and two-photon excitation, 
Zoological Studies (Academia Sinica, Taipei, Taiwan), 34:165-166. 
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Stelzer EHK, Lindek 5, Pick R (1995): Rastermikroskop zur Beobachtung unter 

einem Winkel zur Beleuchtung, German Patent Office DE 43 26 473 (filed 
06.08.1993). 

Suppinger A (1995) Praktikumsversuch: Raumfilterfreie konfokale Mikroskopie, 
Staatsexamensarbeit, Institut fUr Angewandte Physik, Ruprecht-KarIs-
Universitat, Heidelberg. 

Wohland Th-(1995) Die Bedeutung der Polarisation fUr die Krafte einer 
photonischen Pinzette, Diplomarbeit, Physikalisches Institut, Ruprecht-
KarIs-Universitat, Heidelberg. 

Collaborations 
Thomas Cremer et aI. EU PL951139 IlHigher order chromatin organization and 
function: A three-dimensional in situ analysis of structure, function and 
replication", Institut fUr Humangenetik und Anthropologie, Universitat 
Heidelberg. 

Jose M. Carazo et aI. "BioImage: A European database of biological volume 
images", CNB, University of Madrid, Spain. 

Patrick Van Oostveldt et al. "Molecular basis of nuclear organization during 
Arabidopsis root development", University of Gent, Belgium. 

Christoph Cremer "High resolution imaging: super resolution fluorescence light 
microscopy for the analysis of the spatiaI organization of chromosomes in three 
dimensionally conserved nuclei", Institut fUr Angewandte Physik, Universitat 
Heidelberg. 
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Scanning Probe Techniques 

Group Leader: 

Fellows: 

Visitors: 

Engineer: 

1.K.. Heinrich Harber 

S. Jeney (May), J. Mosbacher (April), A. Pralle 

R. Eckert (Univ. Heidelberg), W. Haberle (ffiM, Riischlikon), 
M. Langer (Univ. Ttibingen) 

W. Offner 

Scanning Probe Techniques (SPT) comprise a number of physical methods to study 
surfaces with resolution in the nanometer range. The instruments can be sorted by the 
type of interaction they use to characterize the surface. The Scanning Tunneling 
Microscope (STM) uses electrons, the Scanning Nearfield Optical Microscope 
(SNOM) uses photons, the Magnetic Force Microscope (MFM) detects magnetic forces 
and the Atomic Force Microscope (AFM) detects van der Waals interaction. These 
methods represent not only new types of imaging instruments, which is why they are 
all named "microscope", but more importantly they represent a new technology for 
measuring and manipulating in the nanometer range in any environment, opening up a 
completely new field of interdisciplinary experimental science related to physics, 
chemistry and biology. 
The interaction between a nanometer sized probe and the surface of a macromolecular 
structure can become quite complicated in an aqueous environment with ions present, as 
is usual for biological samples when kept under natural conditions. For these 
interactions there is still only a macroscopic description available in terms of e.g. 
hydrophobic- hydrophilic-interaction or adhesion. It is a challenging task to characterize 
these interactions on a molecular scale in terms of chemical binding, dipole interaction 
and by including the surrounding water molecules and ions into this picture. The 
instrument used to measure such interactions is often called Scanning Force 
Microscope (SFM). In general, it is just an AFM, using the same microstructured 
cantilevers and the same detection system, but the final tip of the cantilever, the probe, 
is modified according to the planned experiments. As it can be used to measure 
chemical binding characteristics sometimes it is also call a Chemical Force Microscope 
(CFM). The preparation of the nanometer scale probes is still not standard due to the 
not fully understood surface interactions in solution on a molecular scale. But the goal 
of such experiments should be the understanding of these surface interactions on a 
molecular scale. Braking this vicious circle is one of the major challenges of what is 
called nanotechnology. 
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The preparation procedure for surface modifications has to take into account that even 
attomolar concentrations of certain molecules in solutions in contact with a surface can 
change the behavior of this surface significantly. Therefore, it is necessary to work 
under extremely clean conditions to find reproducible procedures for surface 
modifications. Presently besides instrumental developments; this is still the essential 
part of the work done in the Scanning Probe Techniques Group and is a prerequisite for 
the 3-D Probe Instrument we are developing in collaboration with the group 
of Ernst Stelzer and for the single particle tracking experiments Sylvia Jeney and Arnd 
Pralle from the Scanning Probe Techniques group are working in collaboration with the 
groups of Gareth Griffiths and Carlos Dotti respectively, both from the Cell Biology 
Programme. 

Instrumentation 
In November a specially designed AFM, which can work under the control of a 
Nomarski type optical microscope within a patch-clamp set-up used for tissue sections, 
was fmished and installed in Tiibingen (Fig. 1). This was done as part of the 
collaboration with the groups of Gerd Binnig at the IBM research laboratory in 
Riischlikon and Peter Ruppersberg at the Physiological Institute of the University of 
Tiibingen on the study of mechano-electrical transduction of the haircells of the inner 
ear. The development of the instrument was carried out with Matthias Langer and 
Walter Haberle as visitors to EMBL. The measurements on these haircells will be done 
in Tiibingen as the preparation of such cell tissues from guinea pigs is quite a delicate 
procedure but is routinely carried out there. First results show that the instrument can 
image the stereocillia of these haircells so that the application of controlled forces to 
these cellular structures is possible with unprecedented precision. These measurements 
also show the mechanical stiffness of these stereocillia which is in the range of some 
tens of milliNewton per meter, nicely reflecting the stiffness of actin and tubulin 
filaments. 

In 1995 in collaboration with Mounir Maalloum at the University of Strasbourg we built 
another specially designed AFM with optical position control for measuring molecular 
interaction forces. Within this collaboration we plan to measure interaction forces of 
various motor proteins with both actin and microtubule structures. 
Both instruments were equipped with the latest version of our scanning probe 
electronics developed by Wolfgang Offner in the Scanning Probe Techniques group. 

Membrane patches 
In collaboration with the group of Bert Salanann at the Max-Planck Institute for medical 
research in Heidelberg, Johannes Mosbacher, an EMBO post-doc fellow in the 
Scanning Probe Techniques group, has continued the studies on cell membranes with 
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the combined patch-clamp! AFM set-up developed and improved during the last two 
years. The general goal of this project is to study of mechano-sensitive ion channels. As 
for their functioning, the connection to the cytoskeleton seems to be important (French 
1992). We first demonstrated that cytoskeleton. structures are present in membrane 
patches by analyzing the elasticity information of the AFM made on such patches. In a 
second step the mechanical stiffness of these membrane patches could be determined 
and it was sh?wn that the forces produced by the AFM tip can stimulate mechano-
senstive ion channels. During these experiments the membrane patches also showed a 
mechanical movement due to voltage changes across the membrane. In a further 
collaboration with Frederik Sachs from Buffalo University, New York we are presently 
trying to find out whether these movements are correlated to structural changes in 
voltage gated ion channels. 

Molecular Interaction Forces 
After the UHV sputter equipment and the directly connected argon preparation chamber 
were finally finished by automating the sample transfer and the sputtering procedure, 
fIrst experiments demonstrated the importance of extremely clean preparations to 
measure molecular interaction forces. As part of Rolf Eckert's diploma work it was 
possible to reduce unspecific adhesion forces between the cantilever tip of the AFM and 
metal surfaces below 10 picoNewton (Fig.2) by developing an appropriate cleaning 
protocol. 
In a further step protein A and tubulin molecules where attached to such clean tips. By 
approaching gold, indium-tinoxid and titanium surfaces with these tips to contact and 
then retracting again the adhesion of protein A and tubulin on such metal surfaces was 
measured. It turned out that there is a specificity for both the molecules and the metals 
(Fig.3). With the reproducibility of a certain value of an adhesion force for different 
cantilevers it has to be assumed that in these experiments a certain type of bonding of a 
single molecule at the final tip with the surface was measured, similar to experiments on 
Biotin/Avidin binding (Florin et al. 1994). Such well defIned force values in 
experiments with different cantilevers and preparations as shown in Figure 3 are very 
unlikely to be produced by a sum of van der Waals forces or other interaction forces. 
The nature of the measured adhesion forces still has to be determined but, nevertheless, 
it was demonstrated that this technique with an adequate preparation procedure can be 
used to study interactions of single molecules, even taking into account their 
dependence on the environment which in these first experiments was PBS puffer 
solution at pH 7. With these experiments it was demonstrated for the fIrst time that the 
AFM is able to measure forces in the range of 5-10 pN, probably the typical values for 
interaction forces of motor proteins with actin or tubulin filaments. 
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Therefore, the results of these experiments can be used as the basis of the experiments 
on molecular motor interaction forces planned in collaboration with Mounir Maalloum. 
But they are also helpful for the collaboration with Lifeng Chi and the group of Harald 
Fuchs at the University of MUnster in which we try to produce ordered layers of 
membrane proteins on self-assembled molecular layers. Last but not least, studies on 
surface adhesion are also essential for the surface preparation techniques we need for 
the project we are working on in a collaboration with the Cell Biophysics and 
the Cell Biology programmes, the group of Peter Becker and outside groups in 
Ttibingen, London and 

Workshops: 

During the Scanning Microscopy International Conference in Houston, May 6-11 
1995, a workshop on Scanning Probe Microscopy was organised in collaboration with 
David Allison (Oak: Ridge National Laboratory, USA). 

A workshop on Scanning Probe Techniques and molecular structures was organised in 
Munich, Oct. 11-13 1995 in collaboration with Hermann Gaub (LMU, Mtinchen), 
Reinhard Guckenberger (MPI, Martinsried), Wolfgang Heck! (LMU, Mtinchen), 
Jiirgen Rabe (Humboldt Universitat, Berlin), and the German Electron Microscopy 
Society. 

Publications during the year: 

Force Microscopy on Membrane Patches: A Perspective 
J.K.H. Horber, 1. Mosbacher, and W. Haberle 
"Single-Channel Recording" 2nd Ed., Eds.: B.Sakmann and E.Neher 
Plenum Press, New York (1995) 

A look at membrane patches with a Scanning Force Microscope 
Horber J.K.H., Mosbacher 1., Haberle W., Ruppersberg P., Sakmann B. 
(1995), Biophys.I. 68, 1687-1693 

Jeney, S. (1995). Untersuchungen mit Raster-Sonden-Methoden an biologischen 
Polymersystemen. Diplomarbeit, Universitat Heidelberg, Institut fUr Angewandte 
Physik 

Eckert, R. (1995). Charakterisierung gesputterter ITO- und Gold-Oberflachen fUr die 
Rastersonden-Mikroskopie. Diplomarbeit, Universitiit Heidelberg, Institut fUr 
Angewandte Physik 

Other references: 

Mechanotransduction 
A. French (1992) Annu.Rev.Physiol. 54, 135-152 

Adhesion Forces Between Individual Ligand-Receptor Pairs 
E.-L. Florin, V.T. Moy, and H.E. Gaub (1994), Science 264,415-417 

Collaborations 
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Inside EMBL: 

Cell Biophysics 
Christian Boutin: 
Ernst Stelzer: 
Cell Biology 

data acquisition I video board 
3D Scanning Probe Microscope 

Eric Karsenti: microtubule structure and motor protein interaction 
Carlos Dotti, Gareth Griffiths: mechanical properties of cell membranes 
Biological Structures & Biocomputing 
Vicent Guenebaut, Kevin Leonard: Bacteriophage tail structure & Actin/Myosin 

Outside EMBL: 

Gerd Binnig. Walter Haberle. IBM Research Laboratoty Zurich: 
Instrumental development 
Bert Sakmann. Max-Planck Institute for Medical Research. Heidelberg: 
Mechno-sensitive ion channels 
Peter Ruppersberg. Physiology. University of Tiibingen: 
Hair cells of the inner ear 
Institute for Applied Physics. University of Heidelberg. Germany 
Manfred v. SchickfuB. Siegfried Hunklinger & 
Institute for Applied Physics. University of Miinster. Germany 
Lifeng Chi. Harald Fuchs: 
Protein binding to solid supports 

Fig. 1: Specially designed AFM, which can work under the control of a Nomarski type 
optical microscope within a patch-clamp set-up used for tissue sections. The set-up is 
optimized to stimulate a single stereocillium of a haircell of the inner ear of a guinea pig 
with calibrated forces and to measure the electrical response of the whole cell with the 
patch-clamp method. 

Fig. 2: Histogram of adhesion force measurements between several clean siliconnitrid 
cantilever tips and several substrate surfaces of Gold, Indiumtinoxid and Titanium. 

Fig. 3: Typical force-distance curve measured between a cantilever with Protein A at the 
tip and a gold surface. In such measurements the tip approaches the surface to contact. 
During the approach the elastic response of the molecule can be seen by the nonlinear 
response between 0 nm and (-1.4 nm). Below (-1.4 nm) the force-distance curve 
becomes linear reflecting the spring constant of the cantilever. If the approach is 
stopped at (-1.4 nm), not to damage or remove the molecule, and the cantilever is 
retracted, an adhesion force becomes visible by a negative force signal due to the 
bending of the cantilever towards the surface. At 3 nm the force applied by the 
cantilever equals the adhesion force and by further retraction of the tip the connection 
brakes. 

5 



Fig. 4: Histogram of adhesion forces measured with several cantilevers and protein A 
and tubule preparations on substrates covered with Gold, Indium-tinoxid and Titanium. 
The Histogram show beside distinct maxima above 10 pN a broadening of the 
distribution at 0 pN compared to the measurements with clean tips, which is produced 
as all measurements of a series ended with the molecule removed from the tip. The 
distinct values of adhesion forces above 10 pN differing for the two proteins and the 
different materials points to a certain type of binding specific for each combination. 
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Computer Group 

Group Leader: H. D"obbeling 

Scientists & Assistants: M. Hage, M. Lampinen, J. L"ull, E. Schechinger, 
D. Starks-Browning, L. Toldo, W. Winkler 

Principal Policies 

The development of the computing environment was done following a few 
principal guidelines. 

While implementing the client server paradigm care was taken that services 
were decoupled, to ensure that interdependencies between services were 
minimized. 

Newly acquired magnetic disk data storage for VMS and for Unix would be 
placed on central file servers rather than on distributed workstations. 

The bus-like network topology would be replaced by a hierarchical star 
<structured cabling} 

The http protocol {WWW} would serve as the principal carrier both for 
internal and external 
information 

When selecting the appropriate operating system for central services the 
weight would 
carefully be shifted from VMS to Unix 

Unix Environment 

In Summer 1995 a large central fileserver was added to the Unix environment. 
A tender had 
gone to five computer manufacturers{l} . A dual processor Challenge-OM from 
Silicon Graphics 
was chosen with an initial capacity of 100 Gbytes of storage. A fifth of 
this disk capacity is 
configurable as RAID 5 and is used for the home directories. Two other large 
file systems are 
used for the Medline literature database and for the nucleotide sequence 
libraries and structural databases. Sufficient expandability was designed 
into the system to allow research 
groups to add their private data disks to the file server. Thus full control 
over their storage allocation is granted to the research groups, while 
placing the disk drives at the same time in a 
protected air-conditioned environment. Until the end of the year the central 
Unix file server has 
grown to a total capacity of 160 Gbytes. Backup and archival of data is 
provided through a 
seven media DLT tape stacker, which is capable of storing 70 Gbytes of data 
without operator 
attention . Legato Networker is used as a backup tool. The file server is 
directly connected to 
the FDDI network backbone and is thus, from a network point of view, 
equidistant from its 
Ethernet based clients. 
An Indy workstation was added to the Unix environment to act as independent 
time-, NIS-, 
license-, and mail-server. An Indigo workstation was set up as central tape 
server for 4mm 
and 8mm helical scan tape drives. This machine also serves the Unix disks to 
the Macintosh 
computers via the AppleShare file service protocol. Both machines as well as 
the file & backup 
server are part of the strategy to off-load support functions from the 
Compute nodes. 
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The 16 processor SGI Power Challenge is part of the European Supercomputer 
Resource in 
Molecular Biology (SRMB). Its mUltiprocessing (SMP) architecture 
was complemented in 1995 by a farm of six independent Digital Alphastation 
250 Model 4/266 workstations interconnected with 100 Mbit/s interfaces on 
the central FDDI network switch. A batch 
system (Load Sharing Facility from Platform Computing Corporation) was 
installed on the 
Power Challenge to equilibrate the use and to improve the efficiency of this 
computing resource. 

Local and Wide Area Networking 

The FDDI backbone was extended to two further parts of the building. The 4th 
floor and the 
NMR area were equipped with FDDI to Ethernet bridges (DECbridge900 in 
DEChub900). 
Shielded twisted pair cable (of grade 5) was pulled in on the 3rd and 4th 
floors of the main 
building to replace the existing LocalTalk and coaxial network cabling. 

No changes were made to the wide area network connection. While the network 
performance 
is satisfactory when communicating within Germany, the European- and 
North-American connections of our Internet provider (DFN Verein) proved to be 
insufficient. 
The situation improved slightly towards the end of 1995 when the DFN added 
4 Mbit/s of bandwidth to the U.S. 

Literature Searches 

The possibility for making literature searches was greatly improved by the 
introduction of a 
Unix machine running a central server program (ERL from SilverPlatter Inc.) 
supporting Medline database queries. 
By devoting a 16 Gbyte file system located on the ' 
file server to the literature database, it became possible to scan the entire 
range of recorded publications between 1966 and today in a single query. 
Client software is available for Macintosh- and Windows-desktops (MacSpirs, 
WinSpirs) and for Unix platforms. Query are 
in the order of a few seconds. The service has become very popular and is 
generally considered a good success. While we may serve Medline queries to 
our outstations over the Internet, our present 
licensing agreement, however, does not allow us to serve non EMBL clients. 

footnote: 
(1) Auspex, Digital Equipment, Hewlett Packard, Silicon Graphics, Sun 
Microsystems 
Dr. Hans Doebbeling 
Head of COmPuter Services 
EMBL - European Molecular Biology Laboratory 
Postfach 102209, D-69012 Heidelberg 
tel: +49-6221-387-247, fax: -517, email: Hans.Doebbeling@EMBL-Heidelberg.DE 



The Outstation at the DESY, Hamburg 

Introduction 

The synchrotron ring in Hamburg started operation on March 20th and ran until December 18th. 

There were 31 weeks of scheduled beam time in 1995, divided into 4 week blocks each separated 

by a week of machine studies for further ring improvement on an on-going basis. The 

improvement in the ring conditions from 1993 to 1994 to 1995 are shown in Table I. The time 

between successive injections remained about 8 hours with three very short refills per day. The 

advantages of the change over to a dedicated machine and then from electrons to positrons is 

obvious. Compared to earlier times the amount of dedicated beam time has more than doubled and 

the time between fills almost tripled. The resulting continuity of experimental data collection under 

stable beam conditions is enormously beneficial to most experiments. 

Five bending magnet lines were again available throughout the year (X31 and XlI for protein 

crystallography, X33 and X13 for small angle scattering from non-crystalline systems and the 

EXAFS line). The BW7B wiggler station for protein crystallography, commissioned during 1994, 

was also used all year. Work simultaneously continued on the second wiggler station, BW7A. All 

of these were fully dedicated to the structural molecular biology community. 

The annual external priorities committee met in February in Hamburg and carried out a second 

assessment of beam proposals in the Summer. It will meet again in early 1996. As before we 

accept a small number of projects which unexpectedly, but clearly, require beam-time at short 

notice. These are scored later by the committee. In 1995 there was a considerable excess of projects 

over available time: this is discussed in more detail for the protein crystallography field below. 

There is a long winter shut down now in progress. The reason for this is the extensive 

reconstruction of the sector of DORIS which used to house the last high energy physics 

experiment. DORIS is scheduled to restart useful operation in May 1996. 27 weeks of beam time 



are planned, in roughly 4 week blocks separated by a week of machine studies. As usual 20% are 

reserved for instrument development and in-house research. 
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Protein Crystallography 
Group leader: K.S. Wilson 
Scientists: C. Betzel*, Z. Dauter*, V. LamzinO*, W. Rypniewski, A. 
Tepliakov 
Fellows: S. Eschenburg, G. Evans, N. Lamzina, A. Razeto, T. 
Schneider, P. 
Sebastiao, G. Tepliakova-Oblomova 
Assistants: S. Canela*, M. DauterO*, G. Frost*, H. Terry 
Visitors: D. Adamiak (Poznan), S. Al Karadaghi (Lund), D. Alexeev 
(Edinburgh), S. 
Allen (Victoria), P. Alzari (Paris), G. Andersen (Illkirch), M. Anderson 
(Stockholm), A. 
Andersson (Uppsala), K. Andersson (Lund), F. Antson (York), N. 
Arbuckle (Glasgow), A. 
Arner (Lund), J. Ay (Berlin), A. Bacchi (Parma) C. Bamberger 
(Hamburg), D. Barford 
(Oxford), K. Bartels (Hamburg) U. Baumann (Freiburg), A. Becker 
(Heidelberg), Ll. 
Bellsolell (Barcelona), S. Benini (Bologna), W. Bennett (Hamburg) M. 
Bennett (London), I. 
Bento (Oeiras), J. Berends (Groningen), G. Berglund (Tromso), R. 
Berisio (Naples), C. 
Berndt (Hamburg), J. Bertrand (Grenoble), M. Betz (Martinsried), S. 
Berthet (Barcelona), V. 
Biermann (Hamburg), N. Bilgin (Uppsala), D. Bisig (Zuerich), T. 
Bizebard (Gif-sur-Yvette), 
M. Blaauw (Groningen), D. Bordo (Groningen), S. Botti (Rehovot), C. 
Boulin (Heidelberg), 
B. Boys (Edinburgh), J. Brandsen (Utrecht), J. Brannigen (York), J. 
Bravo (Barcelona), T. 
Breiderhoff (Hamburg), C. Briand (Illkirch), P. Brick (London), F. 
Briganti (Siena), P. 
Brownlie (Cambridge), S. Brownlow (Edinburgh), T. Bundschuh 
(Frankfurt), C. Buschmann 



(Hamburg), J. Calabrese (Wilmington), A. Cameron (Uppsala), J. 
Cavarelli (Illkirch), E. 
Cedergren (Stockholm), B. Chandhuri (Uppsala), M. Charon (Grenoble), 
L. Chen 
(Cincinnati), H. Choe (Jiilich), E. Chryssina (Athens), M. ColI 
(Barcelona), E. Conti 
(London), S. Crennell (Bath), V. Cura (Illkirch), S. Dai (Uppsala), A. 
Dalby (Exeter), M. 
Damas (Porto), G. Davies (York), A. de la Calle (Boston), A. de Vreis 
(Groningen), K. 
Decanniere (Berlin), M. Degenhardt (Hamburg), C. Dekker (Utrecht), U. 
Derewenda 
(Edmonton), C. Descot (Paris), A. Deuries (Hamburg), B. Dijkstra 
(Groningen), C. Divne 
(Uppsala), K. Djinovic (Heidelberg), R. Dominguez (Paris), S. Done 
(York), M. Dunaway 
(Cincinnati), B. Eger (Toronto), M. Egli (Zurich), B. Eickhoff (Hamburg), 
S. Eiler (Illkirch), 
H. Einspahr (Princeton), P. Ellison (Heidelberg), C. Engel (Heidelberg), 
C. Enroth 
(Uppsala), M. Eriksson (Uppsala), L. Essen (Cambridge), P. Evans 
(Cambridge), S. Feil 
(Victoria), M. Ferraroni (Florence), R. Ficner (Heidelberg), 1. Fita 
(Barcelona), D. Fleury 
(Gif-sur-Yvette), C. Forster (Berlin), M. Forstner (Zurich), P. Fratzl 
(Wien), C. Frazao 
(Oeiras), G. Fritzsch (Frankfurt), M. Fujinaga (Edmonton), F. Fusetti 
(Groningen), M. 
Gajhede (Copenhagen), S. Gamblin (London), E. Garcin (Grenoble), E. 
Garman (Oxford), 
M. Geday (Duisburg), E. Gerhardt (Heidelberg), R. Gessenich (Julich), R. 
Gessmann 
(Crete), B. Gigant (Gif-sur-Yvette), C. Gilles (Marseille), P. Giros 
(Utrecht), F. Gliubich 
(Padova), X. Gomis-Rueth (Martinsried), J. Gotze (Hamburg), J. Granzin 
(Berlin), K. 
Gruber (Graz), A. Guarne (Barcelona), A. Guasch (Barcelona), K. Haack 
(Hamburg), L. 
Haming (Gottingen), S. Hamodrakas (Athens), H. Hansen (Hamburg) 
M. Hansson (Lund), J. 
Harms (Hamburg) E. Harutyunyan (Moscow), O. Heese (Berlin), M. 
Hennig (Basel), K. 



Henrick (London), M. Hildinger (Hamburg), M. Hilge (Zurich), R. 
Hilgenfeld (Jena) , M. 
Hirschberg (London), Y. Ho (Edmonton), R. Hoffmann (Duisburg), R. 
Hogan (Glasgow), 
H. Hoier (Berlin), A. Horst (Hamburg), W. Huang (Uppsala), R. Hynes 
(Toronto), M. 
Hyvoenen (Heidelberg), M. Ingelman (Uppsala), M. Isupov (Exeter), L. 
Iverson (York), H. 
Jakob (Wien), M. Jaskolski (Poznan), J. Jeffery (York), S. Jelakovic 
(Freiburg), L. Jenner 
(Duisburg), O. Johnson (Cambridge), Y. Jones (Oxford), W. Kabsch 
(Heidelberg), K. Kalk 
(Groningen), P. Kanellopoulos (Heidelberg), T. Keitel (Berlin), W. Keller 
(Zurich), B. 
Klosgen (Berlin), K. Knaack (Hamburg) A. Knespel (Berlin), S. Knight 
(Uppsala), M. Koch 
(Duisburg), T. Koellner (Berlin), M. Kokkinidis (Crete), M. Kontou 
(Athens), J. Kopp 
(Freiburg), D. Kotsifaki (Crete), M. Kozak (York), F. Kozielski 
(Hamburg) M. Kozin 
(Moscow), N. Krauss (Berlin), O. Kristensen (Duisburg), S. Krumbholz 
(Hamburg) R. 
Kuban (Berlin), R. Lagerstedt (Lund), P. Laggner (Graz), D. Lang 
(Groningen), A. Lavie 
(Heidelberg), D. Lawson (York), D. Leonidis (Bath), V. Levdikov 
(Moscow), C. Livingston 
(Boston), D. Logan (Stockholm), S. Lorenz (Berlin), A. Losch 
(Hamburg), S. Lovgren 
(Uppsala), P. Lubini (Gottingen), M. Luic (Berlin), B. Luisi (Glasgow), G. 
Lukatela (Berlin), 
D. Maes (Brussels) V. Malashkevich (Basel), F. Mancia (Cambridge), E. 
Mandelkow 
(Hamburg) S. Mangani (Siena), A. Marina (Barcelona), A. Marx 
(Hamburg) D. Matak 
(Pavia), M. Mate (Barcelona), M. Mathieu (Heidelberg), A. Mattevi 
(Pavia), A. May (Oxford), 
A. McCarthy (Boston), A. McCarthy (Galway), W. Melik-Adamyan 
(Moscow), J. Mesters 
(Jena), S. Meyer (Hamburg) P. Metcalf (Heidelberg), J. Meyer 
(Freiburg), K. Misof (Wien), 
A. Mitschler (Illkirch), H. Monaco (Pavia), G. Montoya (Heidelberg), M. 
Moore (York), W. 



Mosler (Graz), L. Mourey (Toulouse), A. Muller (Duisburg), A. Muller 
(Berlin), J. Muller 
(Berlin), U. Muller (Berlin), M. Nardini (Pavia), M. Neu (Heidelberg), P. 
Nissen (Duisburg), 
S. Nolsoe (Aarhus), P. Nordlund (Stockholm), S. Olland (Illkirch), S. 
Onesti (London), P. 
Orth (Berlin), A. Ostermann (Munchen), K. Ostlund (Uppsala), Z. 
Otwinowski (Dallas), A. 
Oubrie (Groningen), E. Pai (Toronto), G. Palm (York), A. Papageorgiou 
(Bath), F. Pascutto 
(Jena), J. Pedelacq (Toulouse), M. Perbandt (Hamburg), O. Perisic 
(Cambridge), R. Persson 
(Stockholm), A. Pesce (Genova), J. Petersen (Edmonton), K. Petratos 
(Crete), C. Phillips 
(Oxford), K. Phillips (Glasgow), K. Piontek (Zurich), W. Phlippen 
(Hamburg) G. Polekhina 
(Aarhus), 1. Polikarpov (Edinburgh), K. Poulos (Athens), H. Powell 
(Cambridge), C. 
Radzwill (Hamburg) S. Ramaswamy (Uppsala), H. Rasmussen 
(Copenhagen), J. Rathmann 
(Berlin), R. Ravelli (Utrecht), A. Razeto (Genova), M. Reiner 
(Munchen), L. Rellin 
(Hamburg), L. Reshetnikova (Moscow), T. Richmond (Zurich), M. Rizzi 
(Pavia), R. 
Robinson (Oxford), D. Roelecke (Berlin), E. Rokita (Cracow), C. Romier 
(Heidelberg), B. 
Rosenberg (Copenhagen), J. Rossjohn (Victoria), J. Rouvinen (Joensuu), 
P. Rowland 
(Edmonton), S. Rowsell (London), A. Ruf (Freiburg), R. Russell (Bath), 
V. Rybin 
(Heidelberg), T. Rydel (Cincinnati), M. Saarinen (Uppsala), J. Sack 
(Princeton), S. Sack 
(Hamburg) B. Sakmann (Toronto), J. Sandholm (Copenhagen), M. 
Saraste (Heidelberg), D. 
Sargent (Zurich), H. Sass (Julich), O. Sauer (Graz), U. Sauer 
(Heidelberg), M. Schafer 
(Gottingen), K. Scheffzek (Heidelberg), A. Scheltinge (Groningen), C. 
Scherk (Munchen), 1. 
Schlichting (Heidelberg), G. Schluckebier (Berlin), F. Schltinzen 
(Hamburg) A. Schmidt 
(Graz), G. Schneider (Uppsala), E. Schonbrunn (Hamburg) C. Scholten 
(Duisburg), A. 



Schouten (Utrecht), K. Schroeter (Groningen), S. Schumann 
(Hamburg), T. Schwede 
(Freiburg), F. Sellrie (Berlin), J. Sevcik (College Station, TX), D. 
Shaodongdei (Uppsala), F. 
Sica J. Sigrell (Uppsala), I. Sinning (Heidelberg), P. Sliz 
(Toronto), S. Smerdon 
(London), C. Smith (York), Y. Song (Toronto), J. Stahlberg (Uppsala), D. 
Stein warder 
(Hamburg), V. Stoll (Toronto), B. Strokopytov (Utrecht), N. Strynadka 
(Edmonton), D. Suck 
(Heidelberg), U. Sudbeck (Hamburg), G. Sulzenbacher (York), S. Tan 
(Zurich), A. Tarricone 
(Pavia), G. Taylor (Bath), J. Tebbe (Berlin), J. Thierry (Illkirch), J. 
Thimmel (Berlin), S. 
Thirup (Duisburg), M. Thormahlen (Hamburg) M. Thunnissen 
(Stockholm), F. Todone 
(Pavia), K. Tsitsanou (Athens), P. Tucker (Heidelberg), J. Turkenburg 
(York), R. Tyrrell 
(York), S. Tzartos (Athens), J. Unge (Lund), T. Unge (Uppsala), I. Us on 
(Gottingen), E. van 
Asselt (Groningen), R. van Montford (Groningen), E. Vatzaki (Athens), 
C. Vega (Barcelona), 
K. Verschuren (York), N. Volkmann (Hamburg) A. Wagner (Jena), U. 
Wagner (Graz), L. 
Walter (Birmingham), M. Walter (Birmingham), W. Weber (Hamburg), 
G. Webster (Jena), 
Y. Wei (Edmonton), A. Weijland (Heidelberg), U. Wendt (Duisburg), E. 
Wenisch 
(Hamburg), R. Wierenga (Heidelberg), R. Wiesner (Berlin), D. Wigley 
(Oxford), K. Wild 
(Freiburg), R. Williams (Cambridge), P. Willingmann (Hamburg), M. 
Wilmanns 
(Heidelberg), J. Wilson (York), S. Wilson (Cambridge), E. Wolf 
(Heidelberg), A. Yonath 
(Hamburg) M. Zechner (Graz), J. Zeelen (Heidelberg), S. Zographos 
(Athens), J. Zou 
(Uppsala), 

BEAM LINES 
The beam time increased substantially in 1995. The two old 
"workhorse" beam lines, XlI and 
X31, were in operation throughout the year, as was the fixed 
wavelength wiggler line BW7B. 



The second wiggler station BW7 A, with tuneable wavelength, was 
commissioned and made 
available to users for a short period in December. Commissioning of 
BW7 A will continue in 
1996, when the station should be accessible to users for about half of 
the time. 
An overview of scheduled beam time is shown in Plate 1 (a). 9.3 % 
of the time was lost 
through DORIS shutdowns, planned and unexpected. The major part 
of the unexpected 
shutdowns arose from a fault in a transformer outside the ring in 
mid Summer and not from 
DORIS itself. A further 37 days (5.6 %) on the lines is labelled as 
"idle". This is in practice 
the unavoidable dead time between projects which we are 
continually working to reduce: it also 
reveals discrepancies between what is recorded in the log book and 
real life ! The distribution 
of use of the DORIS beam time is better shown in Plate 1 (b), after 
eliminating the down and 
idle times. Almost 70 % of the time was given to users from the 
member states, 9 % for in-
house projects and 8 % for EMBL support and maintenance. The 14 % 
for non member states 
includes time given to other European countries: Portugal, Ireland 
and previous Eastern Block 
Countries. The distribution of beam time over these various divisions 
is shown in Plate 2. 
EMBL member states were given beam time with the highest priority 
in the early part of the 
year. The distribution of proposals by country is shown in Plate 3 
and the beam time used in 
Plate 4. EMBL Heidelberg is included in the German allocation this 
year, although this clearly 
represents beam usage by scientists from many parts of Europe. 
The increase in beam time by more than 50 % for external visitors 
from 1994 to 1995 is made 
clear in Plate 5 (a). The reasons behind this are evident from Plate 
5 (b) which shows the time 
available on each of X31, XU and BW7B. All three lines were used 
for about 150 days in 
1995. This was the same in 1994 for the fully operational XII line. 
In contrast, X31 was only 



useful for 82 days in 1994, mainly reflecting several weeks lost 
when we had to replace the 
prototype imaging plate scanner. In addition the installation of 
cryogenic freezing on this line 
made this line much more attractive in 1995. BW7B was being 
commissioned during 1994, 
and was only useful for about half of that year. For future years we 
hope that all lines will run 
at the 1995 level of performance: however it should be noted that 
we have no reserves for 
devices such as scanners and cryogenic systems. 
The almost 2-fold excess of demand over availability is shown in 
Plate 6. Of the total of 334 
protein crystallography proposals, 129 were allocated sufficient time 
to complete their needs. 
The next 112 proposals were given some beam time, using a total of 
193 days, but for these 
the users requested further time to complete the work, and both our 
own and users estimates 
suggest they needed at least an extra 216 days. The last 93 projects 
were not allocated beam 
time during the year or, in a small number of cases, were offered 
time but had no good crystals 
available. This excess of demand is certainly an underestimate, as we 
still offer the minimum of 
time and users are conservative in their requests. 
The 4 beam lines available in the future are thus: 

BEAM LINE RELATIVE INTENSITY, 1 MAR PLATE 
CRYOGENIC 

ROUGH ESTIMATE (A) DEVICE 
X31 1 Tuneable Small Yes 
XII 4 0.93 Big Yes 
BW7 A 4 Tuneable Small Yes 
BW7B 10 0.93 Big Yes 

In November we ran a third data collection course organised by 
Zbyszek Dauter for 7 days 
funded by the EU. There were 5 lecturers and 18 students from most 
of the member states. 28 
data sets were recorded and most students went away with useful 
data. Due to the popularity 
and oversubscription, a fourth course is planned for 1996. 

METHODS DEVELOPMENT 



Multiple Wavelength Anomalous Diffraction (MAD). 
G. Evans 
During 1995 our first set of Multiple wavelength Anomalous 
Diffraction experiments were 
performed on X31. MAD utilises the changes in atomic scattering of 
heavy atoms in a protein 
structure which are observed near their characteristic absorption 
edges. It requires a very stable 
well characterised monochromatic X-ray beam which can be easily 
tuned. X31 is rapidly 
tuneable in wavelength but does suffer from wavelength instability 
due to temperature changes 
of the monochromator crystal and from positron beam movement. To 
counter these problems a 
device has been built in-house to provide continuous stabilisation of 
the X-ray wavelength to 
better than 3x10-5 (DIll) as well as providing an accurate estimate of 
the wavelength and 
bandpass of the X-ray beam. Using this apparatus we performed a 
number of MAD 
experiments towards the latter part of 1995 in collaboration with 
visiting groups. 
The most successful was that of D. Bordo (Dept. of Biochemistry, 
University of Groningen) 
on IIA-nitrogen (IIA-ntr) - a protein involved in nitrogen 
metabolism and gene regulation in 
bacteria. IIA-ntr is encoded in the rpoN operon, together with five 
other proteins which are 
involved in the control and expression of genes responsible for 
nitrogen metabolism. The 
protein with 163 amino acids, crystallises in P43212, with two 
molecules in the asymmetric 
unit. MIR was initially adopted for structure solution but lack of 
isomorphism (even among 
native crystals) made life very difficult. A trimethyl lead acetate 
derivative which gave an 
interpretable anomalous Patterson map provided a promising 
opportunity for MAD. 
X-ray data at three wavelengths around the Pb LIII absorption edge 
were measured on X31. 
The wavelengths were 0.9517 A (inflection point), 0.9507 A (fll peak) 
and 0.88 A (remote). 



The completeness of the data was better than 97 % for the three sets 
to 2.8 A. Phase . 
determination was performed with the PHASES package. The phasing 
powers of the maximum 
Bijvoet difference data was 1.89 and that of the dispersive 
differences was 1.99 to 3.0 A. 
Solvent flattening resulted in an excellent electron density map 
which could be skeletonised and 
interpreted almost without ambiguity. The model is currently being 
refined. 
A problem associated with X31 is its low intensity restricting its 
usefulness to projects where 
large crystals (> 0.2xO.2xO.2 mm3) are available. Use of BW7A with 
significantly higher 
intensity will mean that more challenging projects on smaller 
crystals can be tackled by MAD. 
A self-validation technique for protein structure refinement: the 
extended Hamilton test 
Alessia Bacchi, Victor S. Lamzin and Keith S. Wilson 
Any increase in the number of independent parameters In the 
refinement of a crystal structure is 
reflected in better agreement between model and data. This is 
particularly important for 
proteins, where the number of observations is low with respect to 
the number of parameters. It 
is obligatory to increase the number of degrees of freedom of the 
refinement. One way is to 
introduce additional observational equations containing a priori 
information about the model in 
the form of restraints and the second is to diminish the number of 
refined parameters by 
constraining them to obey exact conditions. The number of degrees of 
freedom of the 
refinement can be tuned by varying the number of restraints and 
constraints. A validation 
procedure should be carried out in parallel with the refinement. Two 
general kinds of validation 
methods are self- and cross-validation. 
The most popular cross-validation evaluator in protein 
crystallography is the R free factor, 
which requires the omission of the reflections in the test set from the 
refinement which, 



however, gives an unpredictable effect in real space and reduces the 
convergence of the 
refinement and the quality of the refined model. 
To preserve the completeness of the measured data, especially 
important in protein 
crystallography, a self-validation procedure is required. The question 
as to whether an 
improvement in R factor due to a decrease in the number of degrees 
of freedom is significant 
was first examined by Hamilton by defining the R-factor ratio R=, 
where R 1 and R2 are the 
r.m.s. R factors referring to two stages of the refinement with 
different numbers of linear 
constraints. 
We consider the more general case where the number of 
observations and the number of 
parameters change and restraints are used in a different manner. 
Either the introduction of N 
restraints or of N constraints results in an increase by N in the 
number of degrees of freedom 
of the refinement. However some restraints are redundant or are 
applied only if certain 
conditions arise and these cannot be easily counted. Therefore, we 
introduce a restraints 
completeness weighting coefficient w to define the effective number 
of observational equations: 
w=O corresponds to completely unrestrained refinement and w=l to 
a refinement where every 
restraint is treated as a full additional observation. There exists a 
restriction on the weighting 
coefficients between the two refinements significance of which has to 
be assessed. If for any 
point of the (w1,w2) space a high probability is observed, the 
improvement in the model is 
significant even if Hamilton's hypotheses are not completely 
satisfied. If not, the test is less 
robust and care should be taken in considering the results. 
The methods has been applied to assess the significance of the 
introduction of anisotropic 
atomic temperature factors in the refinement of xylanase at 1.5 A. 
The ratio R== 1.36. The 
R-free factor improved to a smaller extent, a ratio of 1.23. The test 
indicates that such 



improvement is significant for almost any value of wI and w2. Only 
if w2 is close to zero, . 
corresponding to an essentially unrestrained anisotropic model, the 
improvement in the r.m.s. 
R factor is ,.not significant. Thus at this resolution restraints on the 
anisotropic model are 
essential. Moreover, the method may allow the detection of 
unreasonably tight restraints. 
Provided the free test set has been randomly selected, the 
expectation value for r.m.s. R free, 
given the r.m.s. R, can be estimated using the same approach. For the 
isotropic refinement of 
xylanase the observed r.m.s. R free was 22.5 %, within the estimated 
range of 22.5-
23.0 %. For anisotropic refinement the observed value was 19.9 %, 

again within the 
estimated range 18.2 - 21.5 %. The expected drop in R free can thus 
be predicted using 
Hamilton's analysis. This provides an additional means for estimating 
if the introduction of 
new parameters is statistically significant. Monitoring R free alone is 
not able to reveal whether 
an observed drop in R free is significant. 
Sharpened maps in protein crystallographic refinement 
Susanna Butterworth, Victor S. Lamzin & Keith S. Wilson 
For proteins, high resolution data are generally weak. Structure 
factors can be normalised to 
remove their resolution dependence, so the high resolution terms 
make a more significant 
contribution to maps, giving sharper atomic peaks. Upweighting of 
the weak high resolution 
data leads to a concurrent magnification of the associated errors and 
the appearance of spurious 
peaks in the density map. The optimal degree of sharpening of the 
data leads to maps in which 
atomic peaks are sharp and well defined, while the noise 
contribution is minimal. This varies 
with the characteristics of the structure, the resolution of the data 
and overall B factors. 
The maps analysed were of the form (Fox Eol-x,ac) with 0 ::;; x ::;; 1. 
The electron density at the 
atomic centres for all pairs of bonded protein atoms and at nine 
equally spaced points along the 



line connecting them was calculated. The atoms in the E-map are 40 
% better defined at atomic 
resolution. The resolvability of atoms in maps of all degrees of 
sharpness declines as the high 
angle data are cut. E-maps retain an advantage until a threshold 
resolution around 2.5 A. 
Between 2 A and 2.5 A it may be possible to resolve atoms in the E-
map but it is not in the F-
map. 
Examination of the electron density histogram allows assessment of 
the characteristics of the 
entire map. It was proposed by Cochran that for a given structure 
the distribution generated 
from the best set of phases will possess maximum skewness. At 
atomic resolution the highly 
sharpened map, (FO.2 EO.8), is found to contain the most 
interpretable features. As the 
resolution is decreased, the optimal degree of sharpening IS reduced. 
This can be explained by 
the fact that as more of the high resolution data are removed, 
termination errors increase the 
noise level. Thus, a greater 'F' contribution to the structure factors is 
necessary to dampen the 
noise and the FIE balance swings towards F. 
Models derived from an atomic resolution structure of rubredoxin 
were subjected to a 
refinement procedure, involving the use of maps of varying degrees 
of sharpness. The results 
demonstrated the effectiveness of sharpening during the early 
stages, while showing that this 
approach confers a lower advantage towards the end of refinement. 
For an atomic resolution 
structure, the optimal degree of sharpening appears to lie between 
fully (E) and half-sharpened 
(EI12 F1I2 ) maps, in agreement with the value obtained from the 
density histogram study. 
Sharpening should be advantageous for any refinement at a 
resolution higher than 2.5 A. 
Proteins at Atomic Resolution 
Zbigniew Dauter, Victor S. Lamzin, Thomas Schneider and Keith S. 
Wilson 
The great advantage of X-ray crystallography is that for normal 
small molecules data can be 



recorded to truly atomic resolution, beyond 1.0 A, allowing the 
positions of the ordered atoms 
in the structure to be accurately identified with a typical coordinate 
error of about 0.002 A. 
Tens of thGusands of small molecule structures have been 
determined. There are special 
problems of data collection for macromolecules. The number of X-ray 
data increases with the 
cube of the average cell dimension whilst the average intensity of 
the reflections decreases. 
Data collection to atomic resolution is a daunting task even for small 
sized proteins. This 
affects all data both at high and low resolution. Another problem 
results from the inherent 
disorder as a typical protein crystal is about 50 % liquid. This 
exacerbates the weakness of the 
data at high resolution. A knock-on effect of the high solvent content 
is the sensitivity of 
protein crystals to radiation damage. Fantastic advance in the last 
few years has been achieved 
using cryogenic freezing. The great majority of crystals can now be 
frozen successfully after 
transfer to a cryoprotectant solution. Experiments suggest that the 
resolution can be increased 
by 0.5 A or more by freezing. 
By atomic resolution we define data extending to at least 1.2 A and 
at least 50 % in the outer 
resolution shell with intensities greater than 2 s, roughly 
corresponding to a merging R factor 
of 25 %. Atomic resolution data confer two important possibilities. 
Firstly, for small 
metalloproteins the phase problem may be solved directly by 
Patterson or direct methods. 
Secondly, full least-squares refinement with anisotropic atomic 
temperature factors is possible. 
For the structures we are currently refining, we have found the 
following protocol useful. The 
model is first refined with isotropic B values using stereochemically 
restrained least-squares 
minimisation with PROLSQ from the CCP4 suite. This is a subjective 
choice and it is clear that 
other programs should perform this role equally well. In building 
water structure, it is useful to 



apply at least a semi-objective se.t of criteria and we have used the 
automated refinement 
procedure (ARP). This is not the only possible approach. The models 
refined with this 
procedtlre typically have R factors in the range 14-18 %, comparable 
to those obtained for 
many proteins at resolutions around 1.5 A. After convergence we 
used SHELXL93, which 
incorporates many useful features, especially anisotropic atomic 
temperature factors. The R 
factor generally drops by 5 - 6 % on introducing anisotropy, leading 
to final values in the 
range 8 - 12 %. At atomic resolution, introducing anisotropic 
temperature factors is clearly 
valid. Rfree falls by almost as much as R, about 5-6 %. Having 
established this protocol it is 
unnecessary to assess anisotropy for all subsequent refinements at 
atomic resolution with 
Rfree. Finally a few cycles of full-, or blocked-matrix minimisation 
are carried out using all 
data, including those previously omitted for the computation of 
Rfree. 
The following features can be expected from an atomic resolution 
refinement. The final R 
factor should be in the range of 8-12 % for the anisotropic model 
including riding H atoms. 
Rfree may be 2-4 % higher. The increase in R factor with resolution 
is substantially less than 
for the isotropic model. The 'cleanness' of the density maps allows 
much easier visualisation 
of solvent, disordered residues and H atoms. The positions of C, Nand 
o atoms in the 
ordered parts of the structure will have estimated errors of about 
0.03 A. The average for the 
whole structure may be 0.05 A reflecting the substantial errors in 
the disordered residues. 
Dual conformations of more residues can be identified: about 10 % in 
our expenence. 
In EMBL Hamburg, data to atomic resolution have been collected on 
several proteins, although 
almost all of the results remain to be published. A representative list 
from our own studies and 



those of visitors is given in Table 1. The information content of these 
data sets is phenomenal. 
It is crucial that the raw data are not lost but are archived in the 
MSD. The collection of data to 
atomic resolution makes all subsequent steps in a crystal structure 
analysis and refinement 
easier. It should be pursued whenever possible. 

Table 1 
Proteins for which data have been recorded to atomic resolution in 
EMBL 
Hamburg in-house or by visitors. Full references to visiting groups 
are not 
shown. AU is the contents of the asymmetric unit. RT is room 
temperature. 
NOVO is Novo-Nordisk of Copenhagen, P and G is Proctor and Gamble. 

Protein From AU Vm Resol. Temp 
Current 

kDa A3 Da-l 
0 

A K R(%) 
1 Rubredoxin Dv Seattle 6 1.6 1.00 RT 8.7 
2 Rubredoxin Dv Seattle 6 1.6 0.92 RT 7.4 
3 Rubredoxin CpFe Grenoble 6 2.2 1.10 RT 9.0 
4 Rubredoxin CpZn Grenoble 6 2.2 1.20 RT 10.7 
5 Mersacidin Gottingen n/a n/a 1.06 RT 'n/a 
6 Balhimycin Gottingen n/a n/a 0.96 RT n/a 
7 Vancomycin Gottingen n/a n/a 1.09 125 n/a 
8 BPTI HH 7 1.9 1.08 RT 10.5 
9 ROP Heraklion 7 1.7 1.08 RT 10 
10 Protein G Leicester 7 2.2 1.10 RT 9.7 
1 1 SH3 domain Heidelberg 8 2.4 1.1 RT n/a 
12 Cytochrome c6 Lisbon 9 2.3 1.10 RT n/a 
1 3 Insulin HH 1 1 1.8 1.20 RT 13 
14 Insulin HH 1 1 1.8 0.98 100 13 
15 RNase PI Moscow 1 1 2.4 1.08 RT 11.0 
16 RNase A, pHS Napoli 14 2.2 1.10 RT 1 8 
17 RNase A, pH6 Napoli 14 2.2 n/a RT n/a 
1 8 RNase A, pH7 Napoli 14 2.2 1.15 RT 18 
19 RNase A, pH8 Napoli 14 2.2 n/a RT n/a 
20 RNase A, pH9 Napoli 14 2.2 1.15 RT 1 8 
21 Lysozyme PI Seattle 14 1.7 0.92 110 9.6 
22 Lysozyme PI HH 14 1.7 0.95 RT n/a 
23 Leghaemoglobin Moscow 17 2.7 1.15 RT 10.9 
24 Cutinase Marseille n/a n/a 1.05 RT 9.5 



25 Trypsin bacterial NOVO 19 
26 Trypsin bacterial NOVO 19 
27 Trypsin bacterial NOVO 19 
28 Trypsin bacterial NOVO 19 
29 RNase Sa Bratislava 21 2.3 1.20 
30 RNase Sa recom. Bratislava 21 2.3 
3 1 RNase Sa GMP Bratislava 21 2.3 
32 Xylanase NOVO 22 n/a 1.00 
33 Trypsin fungal NOVO 22 2.0 
34 Trypsin fungal NOVO 22 2.0 
35 Savinase NOVO 27 1.8 1.00 
36 Subtilisin BPN' P&G 28 2.1 
37 Alcalase / CI2 NOVO 35 2.1 
38 Neuraminidase Oxford 42 2.2 
39 LADHZn Stockholm 8 0 2.4 1.10 
40 LADHCd Stockholm 80 2.4 1.15 
41 LADH CdlDMSO Stockholm 80 2.4 

IN-HOUSE AND COLLABORATIVE PROJECTS 
Bacteriophage T4 deoxynucleotide kinase 

1.9 1.10 RT 
1.9 1.02 180 
1.9 0.96 120 
1.9 0.98 90 
RT 10.6 
1.00 110 n/a 
1.15 RT 10.9 
100 n/a 
1.07 RT 11.0 
0.93 100 11.0 
110 10.7 
1.15 100 n/a 
1.05 RT n/a 
1.0 100 10.2 
110 n/a 
110 n/a 
1.00 110 n/a 

Alexei Teplyakov, Paula Sebastiao, Galya Obmolova, Anastassis 
Perrakis, and Keith S. 

8.6 
9.0 
8.0 
8.7 

Wilson, in collaboration with George S. Brush and Maurice J. Bessman 
(The Johns Hopkins 
University, Baltimore, USA) 
NMP kinases catalyse the phosphorylation of the canonical 
nucleotides to the corresponding 
diphosphates using ATP as phosphate donor. Bacteriophage T4 
deoxynucleotide kinase 
(DNK) is the only member of this family of enzymes which recognises 
three structurally 
dissimilar nucleotides: dGMP, dTMP and 5-hydroxymethyl-dCMP 
while excluding dCMP and 
dAMP. DNK is also unique in demonstrating clear preference for 
deoxyribose of NMP. The 
crystal structure of DNK with its substrate dGMP has been refined at 
2.0 A resolution to R = 
18.7 %. The model includes 2 molecules of dGMP (one in each of the 
two protein monomers 
in the asymmetric part). A schematic model is shown in Plate 7. The 
structure of the ternary 
complex with dGMP and ATP has been refined at 2.2 A to R = 18.6 %. 
The polypeptide chain 



is folded into two domains of equal size. The ATP binding domain 
resembles the classical 
mononucleotide binding motif with the triphosphate binding loop. 
The second domain 
consisting of five a-helices forms the NMP binding pocket. A hinge 
between the domains 
allows for large movements upon substrate binding which are not 
restricted by dimerisation of 
the enzyme. Superposition of the ATP binding domains of DNK and 
other NMP kinases gives 
an r.m.s. deviation of 1.4 A for 60 common Ca atoms. The observed 
topological and 
structural similarity prompts us to consider DNK as a remote 
analogue of bacterial and 
mammalian NMP kinases in spite of the lack of sequence homology. 
dGMP is bound in a narrow pocket between the two domains of the 
DNK monomer with the 
base inside and the phosphate pointing out. The base is sandwiched 
between hydrophobic side 
chains on one side and an arginine side chain on the other. All five 
non-carbon atoms of 
guanine are involved in an H-bonding network at the binding site 
which is responsible for base 
recognition. Adenine has a completely different arrangement of H-
bond donors and acceptors 
with respect to guanine, so that dAMP is rejected as a potential 
substrate. A possible reason for 
discrimination between NMP and dNMP is the steric hindrance of the 
hydroxy group in the 2' 
position of the ribose which would appear for NMP. ATP is bound to 
DNK with the base in 
the hydrophobic pocket and the triphosphate in the glycine-rich loop 
in a manner observed in 
the other P-Ioop containing proteins. The ribose moiety of ATP IS 

exposed to solvent and does 
not form H-bonds to the protein. This may explain the lack of 
specificity towards the sugar of 
ATP. 
dNMP binding in bacteriophage T4 deoxynucleotide kinase 
Paula Sebastio and Alexei Teplyakov, in collaboration with Maurice J. 
Bessman (The Johns 
Hopkins, Baltimore, USA) 



Biochemical and genetic studies have indicated that a single T4 
bacteriophage-induced enzyme, 
DNK, catalyses the transfer of the phosphoryl group of ATP to 
hmdCMP, TMP and dGMP in 
the presence of Mg2+. The molecular basis for this remarkable 
specificity has been investigated 
by X-ray crystallography and site-directed mutagenesis. The 3-D 
structure of the complex with 
dGMP has revealed the protein residues that interact with this 
substrate, Plate 7. The single 
point mutants of two of them, KIOQ and TI40A, were constructed, 
overproduced in soluble 
form and purified to homogeneity. 
Mutation KIOQ resulted in a IS-fold decrease in activity towards 
both dGMP and TMP as 
compared to the wild type. In view of the structure of the dGMP 
complex it is proposed that 
residue KIO plays a role in phosphoryl transfer. The TI40A mutant 
showed increased Km 
values for both substrates, dGMP and TMP. This suggests that TI40 IS 

involved in guanine 
and thymine binding. These results support a single dNMP binding 
site in DNK. 
The glutaminase domain (GD) of glucosamine 6-phosphate synthase 
from E. coli (G6PS) 
Alexei Teplyakov, Galya Obmolova & Susanna Butterworth, In 

collaboration with Michail N. 
Isupov & Jennifer A. Littlechild (University of Exeter, UK), Marie-
Ange Badet-Denisot & 
Bernard Badet (ICSN-CNRS, Gif-sur-Yvette, France). 
Amidotransferases are responsible for utilisation of the amide 
nitrogen of glutamine in a variety 
of biosynthetic reactions. They consist of a glutaminase domain 
which catalyses hydrolysis of 
glutamine to glutamate and ammonia, and a synthetase (or synthase) 
domain which catalyses 
amination of a particular substrate. The glutaminase domains (GDs) 
show sequence homology 
within each of the two classes of amidotransferases. Determination of 
the structure of the GD 
of G6PS, a Class II amidotransferase, provides information regarding 
the general principles of 
catalysis by these enzymes. 



The structures of the GD in complex with the reaction product, 
glutamate, at 1.8 A resolution, 
and with a competitive inhibitor albiziin at 2.0 A resolution, have 
been determined by molecular 
replacement _using the structure of the glutaminase domain of 
phosphoribosyl pyrophosphate 
amidotransferase (PPA). The protein fold is a sandwich of 
antiparallel b-sheets surrounded by 
two layers of a-helices which is common for the superfamily of N-
terminal nucleophile 
hydrolases, Plate 8. The glutamine binding site is located between 
the edges of the b-sheets at 
the N-terminus of the polypeptide chain. 
The structural similarity of the GDs of G6PS and PP A suggests an 
evolutionary relationship 
between the two enzymes. This also supports the idea of single 
amino acid catalysis as a 
common feature of Class II amidotransferases. The proposed 
mechanism of glutamine 
hydrolysis assumes the general base activation of the thiol group of 
the N-terminal cysteine by 
its own a-amino group, stabilisation of a tetrahedral intermediate in 
the oxyanion hole, and 
formation of a g-glutamylthioester through general acid catalysis. 
Binding of a substrate is 
accompanied by an induced-fit closure of the active centre which 
involves main chain shifts of 
up to 10 A. Some of these structural rearrangements may play a role 
in the mechanism of 
synchronising the two half-reactions performed by 
amidotransferases and explain the reduced 
glutaminase activity in the absence of a nitrogen acceptor. Given the 
central position occupied 
by the glutamine amidotransferases in cellular metabolism, 
elucidation of the mechanism of 
nitrogen transfer in this family of enzymes may have significant 
implications for the discovery 
of new therapeutic agents. 
Zn and Fe rubredoxins from Clostridium pasteurianum at atomic 
resolution 
Z. Dauter & K.S. Wilson in collaboration with L.C. Sieker (University of 
Washington, 
Seattle) and J.M. Moulis & J. Meyer (CENG, Grenoble) 



Rubredoxins are small proteins, about 50 ammo acids, involved m 
electron transfer reactions 
mainly in anaerobic bacteria. They contain a single iron ion 
tetrahedrally coordinated by four 
cysteine_ sulphur atoms. As relatively small and very well diffracting 
proteins they were the 
subject of detailed structural investigations from the early days of 
macromolecular 
crystallography. The iron in rubredoxins can be substituted by other 
transition metals, like Zn, 
Co, Ni, Cd or Hg. 
We collected atomic resolution X-ray diffraction data on two crystals 
of rubredoxin: one 
containing the oxidised Fe(III), to 1.1 A resolution (FeRd), and 
second, containing Zn(II) ion, 
to 1.2 A (ZnRd). The models were independently refined including 
anisotropic modelling of 
thermal vibrations and contribution from 'riding' hydrogens using 
the SHELXL program to R 
factors of 8.06 (FeRd) and 8.73 % (ZnRd). The coordinate (and bond 
lengths) error for main 
chain atoms is on average 0.02 A; for metal atoms it is less than 
0.004 A. Several side chains 
were modelled in double conformations. 
The superposition of two models revealed only small differences, 
mainly concentrated around 
the metal site. This site has a local two-fold symmetry axis, with two 
M -S bonds longer and 
two shorter, so that the MS4 tetrahedron is slightly flattened. In 
ZnRd the bonds lengths are 
longer by about 0.08 A than in FeRd. The model of Zn rubredoxin 
presents the most precise 
description of ZnS4 cluster in a protein. These clusters are of 
particular interest, since they play 
important structural roles e.g. in the zinc-finger proteins. 
Yeast inorganic pyrophosphatase complexed with manganese and 
phosphate 
Emil H. Harutyunyan, Inna P. Kuranova, Boris K. Vainshtein 
(Institute of Crystallography, 
Moscow, Russia), Wolfgang E. Hohne (Humboldt University, Berlin, 
FRO), Victor S. 
Lamzin, Zbigniew Dauter, Alexei V. Teplyakov & Keith S. Wilson 



The refinement of the manganese-phosphate complex of inorganic 
pyrophosphatase from 
Saccharomyces cerevisiae has been completed at 2.4 A with an R 
factor of 19.0 %. The data 
were record!!d some years ago and indeed were almost the first from 
the prototype imaging 
plate scanner. The presence of two independent subunits in the 
asymmetric unit and refinement 
of the model without imposing non-crystallographic symmetry 
restraints allowed an additional 
means of estimating coordinate error and provided independent 
validation of the structure 
analysis. Superposition of the two subunits results in an r.m.s. 
deviation of 0.36 A for 
equivalent CA atoms. 
The aim of the study was to identify the protein groups and ligands 
in the active site. The 
electron density map contained 6 large peaks in the active site in 
each of the two 
crystallographically independent subunits. The peak heights were 
similar and were two to three 
times higher than those for water molecules. It is hard to clearly 
distinguish manganese and 
phosphate ions from electron density alone and a careful refinement 
and consideration of the 
stereochemistry in the active site was needed. There are only acidic 
residues around the first 
four peaks. The distances between the centres of these peaks and 
carboxylate oxygens lie in the 
range 2.0 to 2.4 A. These peaks have unambiguously been assigned 
to the four Mn2+ sites. 
The other two peaks are surrounded by arginine, lysine and tyrosine 
side chains and the 
distances from the centres of the peaks to the nearest ligand atom 
are in the range 3.5 to 3.6 A. 
They have been assigned as the two Pi groups. Thus there appears to 
be no pyrophosphate but 
rather two separate Pi groups and the crystal contains the product 
complex of PPi hydrolysis. 
The phosphorus of the most deeply buried phosphate is likely to be 
that on which displacement 
occurs during catalysis in both the forward and inverse reactions, 
Plate 9. The leaving PiL is 



coordinated by Mn3 and Mn4 and anchored by Arg 78. The scheme 
involves the movement of 
PiA from its position in the present crystal structure to a new 
position PiA' where it is 
covalently linked with Ob. 
3-D structure of the human transthyretin Leu-55-Pro mutant 
Paula Sebastio, with Ana Margarida Damas (University of Porto, 
Portugal) 
Transthyretin (TTR) also known as thyroxin-binding pre albumin IS a 
tetrameric human plasma 
protein (MW 54,980) composed of 4 identical 127-residue subunits, 
each having a b-sheet 
structure. Each monomer subunit has two four-stranded b-sheets 
DAGH (inner-sheet) and 
CBEF (outer-sheet). The aim of this study is the elucidation of the 
molecular mechanism(s) 
involved in amyloidogenesis by the structural characterisation of TTR 
variants. 
The 3-D structure of variant L55P implicated as the causative agent 
in early-onset Familial 
Amyloid Polyneuropathy (FAP) has been refined. FAP is an 
autosomal dominant disease 
characterised by the systemic deposition of amyloid with a particular 
involvement of the 
peripheral nerves. Amyloid FAP fibril formation is due to TTR 
aggregation in an insoluble 
protease resistant fibril with an antiparallel b-pleated sheet 
structure which leads to 
neurotoxicity and organ dysfunction. In this amyloidogenic variant, 
the L55P mutation disrupts 
b-strand D involved in the inner b-sheet DAGH. The electrostatic 
surface potential differs from 
that in the wild type protein. Pathological effects may arise from 
oligomerisation of the protein 
and/or interaction of TTR with other amyloid components, namely 
glycosaminoglycans. 
Modulation of the oxidation-reduction potentials of flavodoxin 
from Desulfovibrio vulgaris by acidic amino acid residues 
M. Walsh in collaboration with A. McCarthyt, T. Higgins (University 
College, Galway, 
Ireland), P. O'Farrell and S. G. Mayhew (University College, Dublin, 
Ireland). 



The flavodoxins are an important group of small flavoproteins which 
contain a single molecule 
of non covalently bound flavin mononucleotide (FMN). The protein 
dramatically perturbs the 
midpoint pQ.tential of the semiquinone/hydroquinone couple (semi 
and fully reduced forms 
respectively) of the FMN upon binding to the apoflavodoxin. The 
structural basis of this . 
phenomenon is not yet fully understood. The shift in redox potential 
is essential for flavodoxin 
to carry out its physiological role; this it does by functioning as a 
single electron carrier, cycling 
either between the oxidised and semi reduced or between the semi 
and fully reduced forms of 
the protein. 
A feature of the FMN binding site which probably plays a significant 
role in both the electron 
transfer process and the modulation of the bound FMN's oxidation-
reduction potentials is the 
concentration of negative charge associated with the surface of the 
protein close to the FMN 
binding pocket. In Desulfovibrio vulgaris flavodoxin seven acidic 
residues are in close contact 
with the N(l) atom of FMN which is protonated in the fully reduced 
state but also carries a 
negative charge, whereas the oxidised and semi-reduced forms are 
neutral. The electrostatic 
effects of these acidic residues have been studied by neutralisation 
of the charged acidic side 
chains by site directed mutagenesis. The results revealed the values 
of the midpoint potentials 
for the ox/semiquinone couple show a poor correlation to the 
number of charged groups 
neutralised. Conversely the midpoint potentials of the 
semiquinone/hydroquinone couple 
appeared to correlate quite well with the number of charge groups 
neutralised. In an attempt to. 
understand fully the molecular basis of these results we have 
crystallised two of the neutralised 
acidic residues, namely D95A and D127A which are in a 15 A sphere 
of the FMN cofactor. 
In the case of the D95A mutant, X-ray diffraction data were collected 
on all three oxidation 



states. For the D127 A mutant X-ray diffraction data has been 
successfully collected for the . 
oxidised and fully reduced forms only. All data were collected usmg 
X31. Both mutants show 
surprisiRgly different structures at the two loops (the 60 and 90 
loops) which flank the 
isoalloxazine ring of FMN. For D95A, the structure is essentially the 
same for both the 
oxidised and semi-reduced forms, but contrary to what one would 
expect differs in the 
immediate environment of the FMN in the fully reduced form, Plate 
10. The D127A structure 
results in a quite significant conformational change which is 
observed in both the oxidation 
states studied to date. This conformational change occurs at the 60-
loop which flanks the inner 
face of the isoalloxazine ring, even though it is 15 A from the 
mutation site. These preliminary 
structural results suggest a more significant role for these acidic 
residues than was previously 
envisioned. In addition the results point to in particular, the 60 loop 
playing an important role 
in both the modulation of the bound FMN's redox potentials and in 
the recognition of other 
redox proteins. 
The RNA 2' -O-methyl-CGCGCG duplex 
Wojtek Rypniewski with Dr. Dorota Adamiak (Polish Academy of 
Sciences, Poznan) 
Understanding the structure and dynamics of functionally important 
RNA domains is essential 
for learning the principles of RNA folding, specificity of RNA-protein 
interactions and catalytic 
action of RNA. Data from the crystals of the 2'-O-methyl-CGCGCG 
duplex were collected to 
1.3 A on BW7B. The structure of was determined by molecular 
replacement and refined using 
SHELXL93 to a final R-factor of 0.175. The final model of the RNA 
duplex is complete, Plate 
11. It includes 41 solvent water molecules and one Mg2+ ion lying 
exactly on a two-fold 
crystallographic axis. Surprisingly, no other ordered sites were found 
for Mg2+ or spermine, 



which were necessary for crystallisation. It is rare for nucleic acids to 
diffract to such high 
resolution. The structure will be used to study in . detail the structural 
and dynamic properties of 
the molecule, including the exact nature of interactions with solvent. 
The crysta( structure was . 
used to determine the NMR structure of the same molecule and of 
the CGCGCG duplex (Le. 
not methylated). 
Catalytic mechanism of superoxide dismutase based on 3-D studies 
of the reduced enzyme and inhibitor complexes 
Wojtek Rypniewski & Keith Wilson with Stefano Mangani (University 
of Sienna, Italy) 
A new crystal form of bovine superoxide dismutase (SOD) was 
studied in which the copper 
ion is reduced to Cu(I), as in the course of the reaction. The structure 
has an unusually high 
solvent content of 73%. Crystal structures have been solved of the 
unliganded enzyme and in 
complex with inhibitors, azide and thiocyanide. The results are used 
in the study of the catalytic 
mechanism of SOD. The new crystal form of reduced SOD confirms 
our earlier observation 
that the imidazole of His61 is not protonated upon reduction of 
copper, that the co-ordination 
of the metal ions is maintained and that the protons necessary for 
the reaction can be efficiently 
provided directly from the solvent. In addition, the crystal structure 
of reduced SOD and its 
complexes with anions are compared with the structure of the 
analogous adducts of oxidised 
SOD. The azide complex with reduced SOD and that with oxidised SOD 
fit with the 
mechanism previously proposed in which a stable complex between 
Cu(II) SOD and 
superoxide is formed and an outer sphere electron transfer occurs in 
the first part of the cycle. 
Once Cu is reduced, it gives back one electron to the bound 
superoxide which is released as 
hydroperoxide anion. Different results obtained by NMR and other 
spectroscopic techniques 
suggest that the detailed reaction mechanism could differ depending 
on conditions. 



Cryogenic studies on Riboflavin Binding Protein (RfBP). 
Wojtek Rypniewski with G. Zanotti (University Padova, Italy) and C. 
Trame (GKSS 
Forschungszentrum, FRG). 
Riboflayin Binding Protein (RfBP) is functionally indispensable as a 
vitamin carrier protein for 
embryonic development and survival. RfBP from hen egg white has a 
MW of 29 kDa. It 
contains nine disulphide bridges, one of which is essential for flavin 
binding; 7 methionines 
and 14 % carbohydrate by weight. One of the peptide terminals of 
RfBP, which is cleaved 
during its incorporation from blood into the oocyte, contains an 
phosphoserine cluster with 8 
phosphor atoms. This part of the molecule is suggested to give a 
recognition signal for the 
incorporation of the protein into the yolk. 
The riboflavin bound to RfBP is derived mainly from food and from 
the tissues. Synthesis of 
RfBP is induced through an oestrogen in liver, which also modulates 
its level in plasma. The 
protein is secreted from the liver into the blood stream, where it 
may complex with riboflavin. 
The protein-vitamin complex is then deposited as a part of the yolk 
in the developing oocyte. 
The liver synthesised RfBP is the only source of riboflavin in oocyte. 
The two modifications, 
glycosylation and phosphorylation, seem to have a possible role in 
recognition, transport and 
selective uptake of RfBP. The mammalian riboflavin-binding proteins 
also play a crucial role in 
reproduction. A search for homologies with other sequenced proteins 
revealed similarity with -
human folate receptor, mouse folate receptor 1 and receptor 2 
precursors, human folate 
receptor (placental folate-binding) and bovine milk folate binding 
protein (RFB), with all of the 
tryptophans and all but one of the nine disulphide bridges 
conserved. It has been suggested, 
that the aromatic vitamin-binding pocket and the disulphide cross-
linking are preserved. None 
of these structures are known till now. 



X-ray diffraction measurements on 120 K shock frozen crystals and 4 
different derivatives 
were carried out on X31. The interpretation of the difference 
Patterson maps is in progress. 
VISITORS PROJECTS 
Some representative visitors projects are briefly summarised. 
The structure of phosphorylase kinase g-subunit at 2.55 A 
D.J. Owen, M.E.M. Noble E.F. Garman, and L.N. Johnson (University of 
Oxford, U.K.) 
Protein kinases and phosphatases play pivotal roles in regulating 
cellular processes. All known 
protein kinases contain a common structure which defines a 
catalytically competent entity 
termed the 'kinase catalytic core'. Within this common structural 
framework each kinase 
displays its own unique substrate specificity. Further, each kinase 
contains additional domains 
and/or subunits that confer specific regulatory mechanisms. 
Phosphorylase kinase, an (abgd)4 
hexadecamer with a combined molecular weight of 1.3 MDa, 
catalyses the activation of 
glycogen phosphorylase and thus links glycogen degradation to the 
energy needs of the 
organism. The a and b subunits are regulatory and transmit 
information via their state of 
phosphorylation in response to cyclic AMP dependent protein kinase 
(cAPK). The d subunit is 
calmodulin and provides calcium sensitivity. The g-subunit is the 
catalytic subunit and contains 
an N-terminal kinase domain and a C-terminal calmodulin binding 
regulatory domain. 
Using data collected on BW7B, we have solved the structure of a 
truncated form of the g-
subunit of phosphorylase kinase (residues 1-299), containing the 
kinase catalytic core, but not 
the calmodulin binding domain. Crystals were grown in the presence 
of the substrate analogue 
Mn2+/ AMPPNP, and data collection was carried out at lOOK to 
minimise the effects of 
radiation damage. The intensity of the wiggler radiation allowed data 
to be collected to a 
resolution of 2.55 A, with an overall R-merge of 7.4 %. The weakly 
diffracting nature of the 



crystals had limited previous attempts at data collection to a 
resolution of 3.0 A. The structure 
was solved by molecular replacement, and refined to a free R factor 
of 29.9 %, with residues 
15-53 and 63-291 clearly defined in the electron density. 
The structure contains the canonical kinase fold, consisting of two 
domains: a smaller N-
terminal domain (residues 1-108) formed principally from b-sheet, 
and a larger C-terminal 
domain (residues 109-299) formed mostly from a-helices, Plate 12. 
The substrate analogue 
Mn2+/ AMPPNP binds at the cleft between the two domains, with 
contacts to the nucleotide 
base coming mostly from the N-terminal domain, and contacts to the 
phosphates and metal ions 
coming from both domains. As expected from the constitutive 
activity of this truncated form of 
the g-subunit, the relative orientation of the N- and C-terminal 
domains resembles most closely 
the 'closed' active conformation observed in the ternary complex of 
cAPK with ATP and the 
peptide inhibitor PKI. 
Through further studies, we are hoping to understand the exquisite 
substrate specificity of PhK 
and its complicated regulation. This will be approached by site 
directed mutagenesis, guided by 
the structure described here, together with substrate binding 
experiments, and attempts to solve 
the structures of further components of the hexadecameric holo-
enzyme. 
Atomic Resolution (1.0 A) Structure Determination of 
Neuraminidase from Salmonella typhimurium (LT2) 
Elspeth Garman (University of Oxford, U.K.) in collaboration with Eric 
Vimr (University of 
Illinois, Urbana, U.S.A.), Graeme Laver (A.N.U., Canberra, Australia) 
and George Sheldrick 
(University of Gottingen, Germany). 
Neuraminidase cleaves terminal sialic acid residues from 
glycoproteins, glycolipids and 
oligosaccharides. Neuraminidase can be found as one of two 
glycoproteins on the surface of 
influenza viruses, where its role is thought to be in releasing progeny 
virus particles from 



infected cells, as well as in breaking down the mucosal lining of the 
upper respiratory tract 
during initial infection. Neuraminidase is also produced by a variety 
of pathogenic micro-
organisms, as Clostridium perfringens, Vibrio cholerae and 
Salmonella typhimurium. 
Mammalian and trypanosomal neuraminidases (sialadases) have also 
been identified. As part of 
a continuing study of bacterial and viral neuraminidases, we have 
obtained 1.0 A diffraction 
data at Hamburg from crystals of Salmonella typhimurium 
neuraminidase (STNA). 
The three dimensional structure of this 382 amino acid bacterial 
neuraminidase was previously 
been determined at 1.6 A. In-house experiments on a Siemens 
detector to optimise 
cryoprotectant conditions for flash freezing the crystals to lOOK 
showed that diffraction to at 
least 1.2 A resolution could be obtained using a rotating anode X-ray 
source. The crystals, 
space group P212121, a=47.4, b=82.3, and c=91.7 A, are grown In 

1.7 M potassium 
phosphate, and 40% glycerol was required for adequate 
cryoprotection. 
Data were subsequently collected at lOOK on BW7B. The data were 
processed using DENZO 
and are 92% complete in all resolution shells to 1.0 A with an overall 
merging R value on 
intensity of 6.2%. The 1.6 A model is now being refined against these 
data by Professor G 
Sheldrick, who is also using them to test some new features of his 
refinement program 
SHELXL. The current crystallographic R value is below 10% to 1.05 A, 
with an R free of 
13%. Anisotropic B factors have been refined, but the hydrogen 
atoms have not yet been 
included. Six bound glycerols from the cryoprotectant have so far 
been fitted into the electron 
density map. The electron density maps calculated using the refined 
model and data to 1.05 A 
are extremely clean and the protein structure is very well defined 
apart from the N -terminal 



residues 2 and 3. The active site of the enzyme has a rigidly defined 
conformation, and does 
not adapt to different substrates. The map quality is illustrated In 

Plate 13, which shows the 
active sjte residue tryptophan 121 at 3 s in a 3Fo - 2Fc density map. 
Neutralisation of influenza virus infectivity by anti-hemagglutinin 
antibodies 
Bizebard T., Gigant B., Fleury D., & Knossow M. (CNRS, Gif-sur-Yvette, 
France), & 
Skehel J.J. (NIMR, London) 
Our group has undertaken to define and structurally interpret the 
molecular basis of the 
influenza virus antigenic variations observed under the selective 
pressure of the humoral 
immune response. The component primarily involved in antigenic 
variations is the 
hemagglutinin (HA), a membrane anchored glycoprotein with which 
infection neutralising 
antibodies react. HA mutants that escape neutralisation by 
monoclonal antibodies can be 
selected in the laboratory. In most cases a single amino acid mutant 
of HA is obtained; the 
observed mutations are similar to those in the HA of viruses isolated 
from successive 
epidemics and which constitute what is called 'antigenic drift'. 
The crystallographic structure of the HA of one viral strain (X31) was 
a major breakthrough in 
structural virology: The residues where mutations take place during 
antigenic drift have been 
mapped onto the structure: they are all on the surface of the 
molecule and have been grouped in 
discrete antigenic sites. The mechanism of infectivity neutralisation 
of HA by specific 
antibodies may differ according to the site where they bind. 
Along with biochemical studies of the interaction between influenza 
virus and neutralising 
antibodies, we have undertaken to determine the crystallographic 
structures of complexes 
between HA X31 and neutralising antibodies directed to the different 
antigenic sites. This 
entails the determination of the structures of large protein complexes 
-up to 370,000 Da - which 



means that crystals often diffract weakly, are fragile and have large 
unit cells. This requires a 
highly parallel and intense X-ray beam and a cryogenic device. This 
is obvious in the two 
projects we .have been able to complete at the XII and BW7B 
stations in 1994 and 1995. 
1 - A complex between HA X31 and the Fab fragment of neutralising 
antibody BH151 was 
crystallised; in standard conditions, these crystals diffract weakly 
(3.3 A) and quickly decay in 
the X-ray beam. At EMBL, using cryogenic data collection (lOOOK), we 
were able to collect a 
complete data of good quality from one crystal to 2.8 A resolution, a 
very significant 
improvement. The refinement of the atomic structure of this complex 
is now in progress. 
2 - Another complex between the Fab fragment of neutralising 
antibody HC19and a proteolytic 
fragment of HA X31 containing its antigenic sites was crystallised. 
The space group is P6122 
with unit cell parameters a=b=85.5A and c=515 A. This last 
parameter is presently about the 
upper limit for a crystallographic project yielding an atomic level of 
detail. Complete data were 
collected to 3.3 A. The resolution cut-off was due to the very tight 
constraint imposed by the 
spot separation and the low divergence of the X-ray beam was the 
key to success. The 
structure of the complex was solved and refined allowing 
biochemical data on the interaction 
between X31 virus and antibody HC 19 to be interpreted. 
More recently, to gain further insight into the structural features that 
determine the specificity of 
protein interactions, we have collected diffraction data for a complex 
between HC19 Fab and 
the 'HA top' of a viral strain that escapes neutralisation by HCI9. The 
new HA possesses a 
single mutation Thr -> lIe as compared to wild type X31 HA. The 
affinity of the antibody for 
the mutant HA is lowered 10,000 fold as compared to its affinity for 
X31 HA. Structure 
analysis of this new complex is in progress. 
Human Alpha Class Glutathione Transferase AI-I. 



A.D. Cameron, 1. Sinning, G., L'Hermite, B., Olin, B. Mannervik & T.A. 
Jones, Department 
of Molecular Biology, Uppsala University, Biomedical Center, S-751 
24, Uppsala, Sweden. 
Glutathi.one transferases (GSTs) catalyse the nucleophilic attack of the 
S atom of glutathione on 
the electrophilic groups of a wide range of hydrophobic compounds 
of both endobiotic and 
xenobiotic origins. They play an important role in cellular 
detoxification and have been 
described as the most important group of enzymes involved in the 
metabolism of electrophilic 
compounds. That there is such a diversity of substrates for GST is a 
consequence, not only of 
the fact that individual enzymes can accommodate a wide variety of 
substrate molecules but 
also of the existence of many isoenzymes. The isoenzymes found in 
the mammalian cytosol 
have been grouped into four species independent classes (a p, m and 
q) based on their 
substrate and inhibitor specificities, antibody cross-reactivity and 
primary structures. 
We have concentrated on the human alpha class isoenzyme Al-l. 
This, like other GSTs is a 
dimer of molecular weight - 50,000. The active site can be divided 
into two distinct subsites, a 
glutathione binding site (G-site) and a site where the hydrophobic 
substrate binds (H-site). 
Whereas the G-site is similar in all the GSTs for which the structure 
has been solved the H-site 
shows much more variation. Unique to the alpha class enzymes is a 
C-terminal helix which 
packs onto the hydrophobic substrate partially sealing it from the 
surrounding solvent. 
Although quite a number of structures of GSTs from the vanous 
classes have been determined, 
all contained either glutathione or a glutathione derivative and no 
structure of an apo-GST from 
a mammalian source had been reported. 
We have determined the structure of the apo-form of the human 
alpha class GST Al-l using 
data collected from a single crystal at room temperature on X31. The 
crystals were of space 



group C2. Data were processed to a resolution of 2.5 A, giving an 
Rmerge of 10.7%. Initial 
phases were calculated from the structure of the enzyme in complex 
with a glutathione 
ethacrynic conjugate. Throughout refinement strict non 
crystallographic restraints were 
applied in X-PLOR and electron density maps were averaged using 
RA VE for the 4 molecules 
in the asymmetric unit. The final R-factor is 23.8% and the Rfree 
26.4%. 
In this study we hoped to address the important question of what 
conformation changes occur 
when glutathione binds to alpha class GSTs. Though it has been 
postulated that glutathione 
binds to the enzyme by an induced fit mechanism, we see no 
significant differences in the 
vicinity of the G-site between the apo-enzyme and a complex of the 
enzyme with benzyl 
glutathione. We can thus infer that glutathione itself does not cause 
any significant 
conformational change on binding. What is most striking about the 
apo-structure, however, is 
the almost total absence of any electron density associated with the 
C-terminal a-helix. This 
helix, one edge of which is made up of hydrophobic residues, forms a 
lid over the active site 
providing a highly hydrophobic environment for the substrate. It has 
been shown to be 
important, though not essential in catalysis. Density for the helix can 
clearly be observed in 
other structures of the enzyme where either the G or H sites are 
occupied. Our results suggest 
that the helix is only ordered when either a hydrophobic substrate or 
possibly just glutathione 
are present in the active site. 
Trichoderma reesei cellulases 
C. Divne, J. Stahlberg & T.A. Jones, Department of Molcular Biology, 
Uppsala University, 
Biomedical Center, S-751 24, Uppsala, Sweden. 
Many different crystals (-30) of cellulase (cellobiohydrolase I, CBHI) 
mutants (E212Q and 
E217Q) soaked with oligosaccharides of DP 4-6 were tested on the 
wiggler beam line BW7B 



under optimised cryogenic conditions. CBHI mutant crystals 
diffracted well (2.0 A or better) . 
but all except two crystals displayed severe disorders. In contrast, 
the two ordered crystals 

CBHI mutant E212Q soaked with cellotetraose (04) and 
cellopentaose (05), 
respectively) were very thin (- 0.5 x 0.2 x 0.05 rom), which may also 
be the reason for the 
absence of disorder. Such thin crystals have not been useful for data 
collection using our X-ray 
source in Uppsala (Rigaku rotating anode, RAXIS lIC image plate). 
The use of the wiggler 
beam line proved particularly useful for obtaining good quality data 
to sufficient resolution for 
these crystals. Data were recorded to 1.7 A for the 05 complex and 
to 1.9 A for 04. 
In the 05 complex, one complete 05 molecule together with four 
glucosyl rings of a second 
one are visible. In the 04 complex, two complete 04 molecules bind 
within the cellulose-
binding tunnel of CBHI. The two complexes have provided the 
information needed to make a 
complete subsite mapping of the cellulose tunnel. A total of 10 
binding sites (sites -7 to +3) are 
fully enclosed within the tunnel where the cleavage of the cellulose 
chain would take place 
between sites -1 and + 1. Possibly due to unfavourable energetics, 
oligo saccharides tend to 
bind such that the -1 site remains vacant. However, in the 04 
complex binding does occur over 
the -1 site. From this we may be able to evaluate the suggested 
mechanism for CBHI. 
Native and derivative data from bovine milk xanthine oxidase 
Bryan Egerl, Kleber Madrid 1 ,2, Ken Okamoto 3 , Matsumoto Sato3, 
Kristiina McConville2, 
Takeshi Nishino3, and Emil Pail (1 University of Toronto, Ontario, 
Canada; 2Aastra 
Corporation, North York, Ontario, Canada; 3Nippon Medical School, 
Tokyo Japan) 
Xanthine oxidase or xanthine dehydrogenase isolated from mammals 
is a component of the 
nucleotide catabolism pathway. The active enzyme, a 290 kDa 
homodimer, catalyses the 



oxidation of hypoxanthine to uric acid. Each subunit contains one 
FAD, two 2Fe/2S centres, 
and one molybdopterin group. The enzyme is synthesised in vivo as 
xanthine dehydrogenase 
(type D enzyme). This form uses NAD as the catalytically preferred 
primary electron acceptor 
for the oxidation reaction. Alternatively, the dehydrogenase form 
may be converted to the 
oxidase form of the enzyme (type 0 enzyme) either during normal 
cell growth or during certain 
types of interruptions to normal cell growth. This conversion occurs 
either by reduction of 
disulphide bonds, generating the "reversible" type 0 enzyme, or 
limited proteolysis, generating 
the "irreversible" type 0 enzyme. This new form of the enzyme 
differs in its internal electron 
transfer kinetics, accessibility of some cofactor sites to priming from 
external electron sources, 
and the preferred cofactor as the ultimate electron source during the 
oxidation reactions. Instead 
of using NAD as the kinetically preferred electron acceptor, the type 
o enzyme exhibits a 
kinetic preference for dioxygen. Extensive studies on the mechanism 
of electron transfer 
between the cofactor sites have been made on both the oxidase and 
the dehydrogenase forms. 
During steady state catalysis, electron transfer between the cofactor 
sites is in rapid 
equilibrium. Elucidation of the three dimensional structure of the 
enzyme is an important step in 
the study of electron transfer between the cofactor and the substrate 
binding sites. 
Recently, a purification scheme for xanthine oxidase was developed 
which yields enzyme 
preparations of exceptional purity. Large crystals (1.2 x 0.7 x 
0.15 mm) were obtained using 
polyethylene glycol 4000 as a precipitant. However, due to the weak 
diffraction of these 
crystals, data had to be obtained from a synchrotron radiation 
source. The lattice type of these 
crystals was orthorhombic (C2221) with one monomer per 
asymmetric unit. Native data were 



collected to 3.3 A with an overall R factor of 9.2%. Screening for 
heavy atom derivatives has . 
begun. Currently, data have been collected for possible weak 
derivatives and five other 
potential ones. Additional synchrotron beam time will be used for 
collection of these data sets 
and screening of additional heavy atoms. 
The catalytic fragment of poly (ADP-ribose) polymerase 
A. Ruf, G. Demurcia, G. Schulz (Institut fur Organische Chemie und 
Biochemie Albert-
Ludwigs-UniversiUit Freiburg, Germany) 
Poly (ADP-ribose) polymerase (PARP) is an abundant enzyme in the 
nuclei of most 
eukaryotes. It is involved in the detection of DNA strand breaks and 
plays an important role in 
the immediate cellular response to DNA damage. Inhibitors of PARP 
are of clinical interest as 
sensitisers in the radio- and chemotherapy of cancer. 
The structure of the 40 kDa C-terminal catalytic domain of P ARP 
from chicken has been solved 
by MIR at 2.5 A resolution in space group P212121. Two crystals 
complexed with two 
different nicotinamide analogue inhibitors have been measured on 
X31 yielding two 2.4 A 
resolution data sets. With this data the mode of inhibitor binding 
could be determined, Plate 14. 
This is important for structure-based design of new inhibitors. The 
native structure of PARP 
catalytic fragment together with an inhibitor-ligated structure has 
been submitted for 
publication. 
Protease C from Erwinia chrysanthemi 
U. Baumann (Institut fur Organische Chemie und Biochemie Albert-
Ludwigs-UniversiHit 
Freiburg, Germany) 
The phytopathogenic Gram-negative enterobacterium Erwinia 
chrysanthemi secretes four 
different metallo-endoproteinases into the medium . These proteases 
belong to the serralysin 
family, a group of 50 kDa bacterial metalloproteases, which, in turn, 
belong to the metzincin 
metalloprotease superfamily encompassing astacins, matrix metallo-
proteinases (collagenases) 



and snake venom proteinases. The protease C from E. chrysanthemi 
was overexpressed in E. 
coli , purified and crystallised. Crystals belong to space group P3121 
with cell dimensions a = 
b = 104.2 A1. c = 123.1 A with one molecule per asymmetric unit. x-
ray data of the apo-
enzyme were collected on X31. The Rsym based on intensities was 
0.074 to a resolution of 
2.4 A. The structure was subsequently solved by molecular 
replacement and refined to an R-
factor of 0.197 and Rfree of 0.241. 
Thymidine kinase from Herpes simplex virus type 1 
K. Wild, T. Bohner, G. Folkers, G. Schulz (Institut fur Organische 
Chemie und Biochemie 
Albert-Ludwigs-Universitat Freiburg, Germany) 
Thymidine kinase (TK; ATP:thymidine 5'-phosphotransfrase; E.C. 
2.7.1.21) is the key 
enzyme in the pyrimidine salvage pathway. Whereas the mammalian 
cytosolic isoenzyme 
catalyses the transfer of the (-phosphate from ATP.Mg2+ to 
thymidine to produce thymidine 
monophosphate (dTMP), the virus encoded enzyme repeats this step 
yielding thymidine 
diphosphate (dTDP). Moreover, host TK accepts only pyrimidines, 
whereas viral TK also 
accepts purines, and even those carrying an acyclic ribose analogue 
such as the Herpes 
prodrugs aciclovir and ganciclovir. In virus-infected cells these 
prodrugs are activated to their 
triphosphates and incorporated into the viral DNA resulting in chain 
termination. 
The structure of the dimeric TK has recently been solved and IS 

shown in Plate 15. One 
derivative data set has been successfully measured on X31 to 3.0 A 
resolution. Additionally, a 
native data set collected on beam line X31 has been used for the 
refinement of the structure to a 
resolution of 2.75 A. 
Structural studies of Clostridium thermocellum cellulases 
Pedro M. Alzari, Christelle Descot, Roberto Dominguez & Frederick 
Saul (Institut Pasteur, 
Paris, France) 



In collaboration with Pierre Beguin, we are carrying out structural 
studies of the individual 
cellulolytic enzymes produced by the thermophilic anaerobe 
Clostridium thermocellum. This 
Gram-positive bacterium secretes a highly active and thermostable 
cellulase complex which 
contains several glycosidases and other non-catalytic components. 
Over 20 enzymes, 
belonging to at least six different protein families, have been cloned 
from different C. 
thermocellum strains. We have determined the 3-D structures of 
endoglucanase CelC 
(glycosidase family A/5), endoglucanase CelD (familyE/9), and 
xylanase XynZ (family F/lO). 
The crystal structure of endoglucanase CelD (Plate l6(a)) has been 
refined to 1.9 A against data 
set collected on XII. The refinement converged to an R-factor of 
19.5%. The extended NH2-
terminal segment, involving residues from the leader peptide, 
projects from the enzyme core to 
interact with a symmetry related molecule through an 
intermolecular salt bridge (Lys38 -
Asp20l). Proteolytic removal of Lys38 or substitution of the bridge-
forming residues Asp20l 
or Lys38 by site-directed mutagenesis promoted two distinct crystal 
packing arrangements, 
both differing from that of wild type CeID. A native data set of 
papain-treated CelD has been 
collected at 2.5 A resolution using XII. Refinement is in progress. 
Xylanase XynZ depolymerises xylan oligo saccharides through a 
double-displacement 
mechanism with retention of the anomeric configuration. The 
catalytic core of XynZ (Mw=32 
kDa) has been crystallised in space group PI with two molecules In 
the unit cell. The structure 
of XynZ was refined to 1.4 A resolution against data collected at room 
temperature using X3l. 
The refinement converged to an R-factor of 18%. The catalytic 
domain (Plate 16 (b)) consists 
of a regular (alb)8 barrel similar to that first observed in 
triosephosphate isomerase, with the 
active site in a groove on the carboxy-terminal end of the b-barrel. 
We have recently collected 



diffraction data sets of XynZ co-crystallised with the inhibitors lactal 
to 1.5 A and benzyl-

o 
epoxy-xylobioside to 1.8 A using BW7B. 
Cellulase CelC has been crystallised in two different space groups, 
P212121 and P43212. A 
native data set of the orthorhombic form has been collected at 2.15 A 
resolution using X31. 
The structure was determined using MIR and density averaging 
between the two crystal forms. 
The orthorhombic model has been refined to an R-factor of 16.2 %. 
The enzyme has a regular 
(a/b)8 barrel topology, but an additional helical subdomain generates 
a deep substrate-binding 
cleft (Plate 16 (c». A comparison of CelC and XynZ indicates that, 
despite different substrate 
specificities and the absence of sequence similarities, family A/5 
cellulases and family F/10 
xylanases have a similar active site architecture and catalytic 
mechanism, suggesting an 
evolutionary relationship between these two families of retaining 
enzymes. We have also 
studied the inactive CelC mutant CelCE140Q, in which the proton 
donor Glu140 was replaced 
by GIn, in both the unliganded and substrate-bound forms. 
Diffraction data were collected 
using BW7B (CeICE140Q at 1.8 A; CelCE140Q-substrate at 2.3 A 
resolution). Comparison of 
the structures revealed an induced fit mechanism in CelC . 
Crystal structure of Glycyl-tRNA synthetase from Thermus 
thermophilus 
D.T. Logan & D. Moras (lnstitut de Genetique et de Biologie 
Moleculaire et Cellulaire, 
Illkirch, France), M.-H. Mazauric & D. Kern (IMBC-CNRS, Strasbourg, 
France) 
The aminoacyl-tRNA synthetases (aaRS) are among the most 
primeval enzymes and among the 
most important for our understanding of the origins of life by virtue 
of their pivotal role in the 
translation of genetic information. In a two-step reaction they 
catalyse the acylation of the 
tRNA molecules with their cognate amino acids. Sequence alignments 
and structural analyses 



have shown that the aaRS are divided into two distinct classes. Class 
I is structurally 
characterised by an active site based on the oligonucleotide binding 
'Rossmann fold', as in the 
structure6 of TyrRS, MetRS, GlnRS and TrpRS. Class II active sites are 
built around a 
completely different seven-stranded antiparallel b-sheet motif as in 
SerRS, PheRS and HisRS. 
The sequence and crystal structure at 2.75 A resolution of the 
homodimeric glycyl-tRNA 
synthetase from Thermus thermophilus, the first representative of 
the last unknown class II 
synthetase subgroup, have been determined. Synchrotron data were 
collected at X 11. A 
schematic representation of the structure is shown in Plate 17. The 
three class II synthetase 
motifs are present but the structure was essential for identification 
of motif 1, which does not 
possess the proline previously believed to be an essential class II 
invariant. Nevertheless, 
crucial contacts with the active site of the other monomer involving 
motif 1 are conserved and a 
more comprehensive description of class II now becomes possible. 
Each monomer consists of 
an active site, strongly resembling that of aspartyl and seryl 
enzymes, a C-terminal anticodon 
recognition domain of 100 residues and a third domain unusually 
inserted between motifs 1 
and 2, almost certainly interacting with the acceptor arm of tRNAGly. 
The C-terminal domain 
has a novel five-stranded parallel-anti parallel b-sheet structure with 
three surrounding helices. 
The active site residues most probably responsible for substrate 
recognition, in particular in the 
Gly binding pocket, can be identified by inference from aspartyl-
tRNA synthetase due to the 
conserved nature of the class II active site. 
Structure and mechanism of malonyl-CoA: Acyl carner protein 
trans acylase from E.coli. 
Urszula Derewenda, Yunyi Wei, Yew Seng Ho & Zygmunt Derewenda 
(MRC Laboratory, 
University of Edmonton, Alberta, Canada) 



Four data sets were collected in November 1994. Native data to 
1.5 A resolution were 
collected on BW7B. A hexagonal form, different from the originally 
reported crystals, was 
used. Three derivative data sets were collected on X31 using 
1=0.99 A to-enhance anomalous 
scattering using proven heavy atom reagents: Hg - 2.4 A resolution, 
R(I) 0.041; Pt - 2.4 A 
resolution, R(I) 0.089; Au - 2.4 A; R(I) 0.045. The structure was 
solved and refined within 
15 days of returning from Hamburg. Isomorphous and anomalous 
signals were combined and 
used to calculate a clearly interpretable map which allowed us to 
build the whole polypeptide 
chain without ambiguity. The atomic model was first refined using X-
PLOR and afterwards 
SHELX-93 considering the anisotropic displacements of atoms. The 
current R factor is 13 % 
for all data and the estimated error in the coordinates 0.07 A. 
Bacterial lipases from various bacterial species 
Urszu1a Derewenda, Yunyi Wei, Yew Seng Ho & Zygmunt Derewenda 
(MRC Laboratory, 
University of Edmonton, Alberta, Canada) 
Two data sets were collected on X31 for crystals grown using protein 
samples incubated in the 
presence of known inhibitors of the enzyme. The bis-p-
ni tropheno1methylphosphonate 
inhibited enzyme yielded data to 2.0 A resolution (improvement of 
0.5 A over conventional 
source); data were complete (98.5%, R(I) 0.044). The electron density 
map showed clearly the 
inhibitor molecule covalently bound to the protein. The structure has 
been already refined; the 
current R factor is 23.7% . The ebalactone B inhibited enzyme yielded 
only one crystal which 
survived the trip, but allowed only for collection of 45% of data. 
Unfortunately no inhibitor 
was identified in the difference Fourier maps. No native crystals 
survived the trip and the 
expected high resolution data were not collected. 
Protein engineering of a8/b8 enzymes: Streptomyces lividans 
xylanase A. 



Urszula Derewenda, Yunyi Wei, Yew Seng Ho & Zygmunt Derewenda 
(MRC Laboratory, 
University of Edmonton, Alberta, Canada) 
Data extending to 1.2 A were collected from wild type crystals in 
Hamburg in November 
1994. The low resolution model was used as a starting point for 
refinement using SHELX93 
with anisotropic atomic displacement (B) factors, albeit with 
restraints which enforce 
correlations between B factors of covalently bonded atoms. At 
convergence, the 
crystallographic R factor for data satisfying the criterion I>4s(1) was 
0.091. 
Crystal Structure of arabidopsis thaliana NADPH dependent 
thioredoxin reductase 
Shaodong Dai, et. al & Hans Eklund (Biomedical Center, Uppsala, 
Sweden) 
Thioredoxin reductase, a flavinprotein disulphide oxidoreductase, 
catalyses the reduction of a 
very important ubiquitous protein thioredoxin, which works as an 
efficient reducing agent for 
ribonucleotide reductase and as a general protein disulphide 
reductase in both bacterial and 
mammalian cells. The reaction mechanism of the thioredoxin 
reductase is quite similar to 
glutathione reductase, lipoamide dehydrogenase, a family of 
flavinproteins containing a redox-
active disulphide. 
The X-ray crystal structure of a new Thioredoxin reductase from 
Arabidopsis thaliana, has 
been determined at 3.0 A resolution by molecular replacement and 
refined to a crystallographic 
R-factor of 18.5 %. The crystals belong to space group P41212 with 
tetragonal cell axes a = b 
= 93 A and c = 173 A. This data set was collected on X31 in June 
1995. In July another 
complete cryo-freezing data set was also collected on BW7B to 2.5 A 
resolution. 
Ribonucleotide reductase R1 mutants 
Mathias Eriksson et. al. & Hans Eklund (Biomedical Center, Uppsala, 
Sweden) 
Ribonucleotide reductase catalyses the reduction of ribonucleotides 
to deoxyribonucleotides. It 



is built up by two homodimers RI and R2. R2 is responsible for 
creating a radical necessary . 
for the reaction. The radical is transferred to the active site located in 
R I to make the enzyme 
active. The ..reaction involves a redox active cysteinyl pair (residues 
225 and 462 in RI). 
Data were collected on two mutants of Ribonucleotide reductase RI 
subunit in the proposed 
radical pathway, Y730F and Y731F. The structures have been refined 
with TNT to 2.85 A 
resolution with an R-value of 19 %. The two tyrosines are stacked on 
each other and they are 
suggested to be involved in the radical transfer from the R2 subunit 
to the active site cysteine 
439 of RI. There are no significant changes around the mutations. 
Biochemical data has 
showed these mutants to be enzymatically dead. These structures 
support the hypothesis that 
the reason for this is the breaking of the radical transfer. 
One of the mutants Y730F is reduced in the active site. This is the 
first reasonably high 
resolution structure of the reduced form. One reduced cysteine 
(C462) has moved 6 A away 
from its original position and the other (C225) followed about 1 A. 
We believe that substrates 
should bind to the protein when it is reduced since that would be 
more biochemically sensible. 
Ab initio determination of the crystal structure of cytochrome c6 
Keith Wilson & Zbyszek Dauter with Carlos Frazao, Claudio M. Soares, 
Maria A. Carrondo 
(ITQB-UNL, Oeiras, Portugal), Ehmke Pohl, George M. Sheldrick 
(UniversiHit Gottingen, 
Germany), Manuel Hervas, Jose A. Navarro & Miguel A. De la Rosa 
(Sevilla, Spain) 
This is a continuation of the project described last year. Synchrotron 
X-ray data with an 
effective resolution of 1.2 A and the presence of an iron and three 
sulphur atoms enabled, 
possibly for the first time, the determination of an unknown protein 
structure by ab initio 
methods. Anisotropic refinement was accompanied by a decrease of 
over 7% in Rfree; the 



anisotropic motion is concentrated at the terminii and between 
residues 38 and 53. The haem 
geometry is in very good agreement with a new set of haem 
(restraint) distances derived from 
small molecule structures; this is probably the most precise structure 
of a haem protein to date. 
Potential electron transfer pathways were analysed on the basis of 
this structure and compared 
with similar calculations for plastocyanin. Plate 18 illustrates the 
results of this study. 
Biologically active peptide antibiotics and various Rei-variants at 
high resolution 
G.M. Sheldrick, M. Schafer, L. Hfuning and I. Us6n (University of 
Gottingen, FRG), Z. 
Dauter, K.S. Wilson, and T.R. Schneider 
We collected low temperature data on Balhimycin and a closely 
related peptide antibiotic at 

o 
atomic resolution (0.9 and 1.05 A). With 400 peptide atoms (four 
antibiotic monomers) in the 
asymmetric unit plus solvent content between 40-50%, these crystals 
have comparable 
diffraction properties to those of rubredoxin, crambin and other 
small proteins. Conventional 
X-ray sources are not able to record data beyond 3 A. Therefore, 
synchrotron radiation is 
essential to extend the resolution into the atomic resolution range so 
that ab initio methods can 
be developed to solve the phase problem and precise structural 
features extracted. For the first 
peptide antibiotic structure solution by conventional direct methods 
has not been achieved yet, 
but we were successful in solving the structure by molecular 
replacement. The structure is 
being refined using the program SHELXL. All data are being 
employed for an anisotropic 
refinement with a current R-value of about 11 %, Plate 19. For the 
second structure we are 
currently in the process of programming and applying new enhanced 
ab initio methods and are 
confident that we will be able to solve the structure in the near 
future. 
The knowledge of structural details in these antibiotic molecules is of 
considerable biochemical 



and medical interests, especially in VIew of recent appearance of 
bacterial strains that are 
resistant to those antibiotics. In addition, these investigations have 
provided an impetus to the 
development of methods of ab initio structure solution and precise 
structure refinement. Since 
atomic resolution is an uncommon feature in protein crystallography, 
it is also desirable to 
ensure such refinement strategies can be extended to less favourable 
and more common cases. 
The structures of three Rei-variants in different space groups, two of 
them at low temperature 
and one at room temperature, at resolutions between 2.0 A and 
1.7 A have been used to test 
and develop different refinement algorithms, including novel 
restraints for modelling non-
crystallographic symmetry. The structures are being refined with 
SHELXL with current R-
values between 20 and 16 %. 
Trp RNA-binding attenuation protein (TRAP) 
A.A. Antson, A.M. Brzozowski, E.J. Dodson, G.G. Dodson, (University of 
York, UK), J. 
Otridge, T.M. Smith, M. Yang, T. Kurecki, P. Gollnick (Buffalo 
University, USA), Z. 
Dauter & K.S. Wilson 
TRAP regulates transcription of the tryptophan operon by a process 
called attenuation. When 
activated by a bound molecule of L-tryptophan, TRAP binds eleven 
trinucleotides, seven GAG 
and four UAG, separated by two or three nucleotides. These 
trinucleotide repeats are present in 
the leader region of the tryptophan operon. The operon contains 
genes that encode proteins 
involved in biosynthesis of L-tryptophan. TRAP binding to the leader 
transcript RNA induces 
formation of a transcription terminator structure and the expression 
of the operon is halted. 
The project consists of two major parts: the first was to solve the 
structure of Bacillus subtilis 
TRAP in its L-tryptophan activated form. The second stage will 
involve the structure solution 
of TRAP in complex with its cognate molecule of messenger RNA. 
During 1994-1995 three 



X-ray data sets were collected from crystals of TRAP (C2, a=156.8, 
b=114.05, c=105.9 A, 
b=118.2°): two data sets to solve the structure (native data to 2.9 A 
resolution and derivative 
data frqm Br-containing crystals to 2.2 A), and one additional data 
set from a frozen native 
crystal to refine the structure at 1.8 A resolution. 
The TRAP molecule contains 11 identical subunits arranged In a nng 
with almost exact 
symmetry to form a doughnut-like structure, Plate 20 The core of 
the oligomer is formed by a 
b-wheel consisting of 11 blades, each of which is a 7 -stranded 
antiparallel b-sheet made up by 
b-strands from two adjacent subunits in the ring. Each subunit 
contributes 4 b-strands to one 
b-sheet and 3 b-strands to the b-sheet of the adjacent monomer in 
the ring. Eleven molecules 
of L-tryptophan are bound between adjacent blades of the b-wheel 
with their indole moieties 
inside of an extensive hydrophobic core. The amino and carboxyl 
groups of L-tryptophan 
make a net of H-bonding interactions and are nearly completely 
buried by two protein loops. 
The structure suggests a mechanism of attenuation in which the RNA 
56-mer that contains the 
11 GAG/UAG elements should form a matching circle to present all 
11 repeats to the binding 
surfaces of the TRAP molecule. 
Haem catalases HPII and catA from Escherichia coli 
J.Bravo, S.Berthet, I. Fita (CID-CSIC, Barcelona, Spain), J.Switala, 
P.C.Loewen 
(University of Manitoba, Canada), L.M.Nykyri, F.Koller (University of 
Vienna, Austria) & 
C.Betzel. 
Catalase (hydrogen peroxide: hydrogen peroxide oxidoreductase, EC 
1.11.1.6) is present in 
virtually all aerobic organisms where it disproportionates hydrogen 
peroxide into molecular 
oxygen and water. The most common form of the enzyme is a 
homotetramer with one 
porphyrinic prosthetic group per subunit. Besides HPII and catA the 
3-D structures of four of 



these haem contammg catalases have now been reported: Penicillium 
vitale (PVC), beef liver 
(BLC) and recently Micrococcus lysodeikticus (MLC) and Proteus 
mirabilis (PMC). PVC and 
HPII catalases contain a C-terminal domain of about 150 residues, 
with a "flavodoxin-like" 
topology, that is absent in BLC, MLC, PMC and catA. These smaller 
catalases, lacking a 
"nucleotide binding" domain, can bind a molecule of NADPH while no 
nucleotides have been 
found to bind to PVC or HPII. 
U sing flash freezing and synchrotron radiation data sets have been 
collected for the wild type 
catalase HPII and for several mutants with resolutions of about 
2.0 A or better. The refined 
structure of HPII with 753 amino acids per subunit and almost 
perfect 222 non-crystallographic 
symmetry, raises a number of questions on the biology and 
biochemistry of these large 
molecules. The configuration of the modified haem d group has now 
been determined to be a 
cis-hydroxychlorin g-spirolactone. The analysis of the haem and of 
the haem pocket has been 
done simultaneously for HPII and for the refined structure of PVC. In 
HPII and PVC catalases 
the haem d is rotated 1800 about the axis defined by the a-g-meso 
carbon atoms, with respect to 
the orientation found for haem b in beef liver catalase. The 
configuration of the haem b group 
found in the crystal structures of the inactive mutants of catalase 
HPII has also been analysed. 
These results confirm the observation that haem d is formed from 
protohaem in the interior of 
the catalase molecule through a self-catalysed reaction. 
A complex of Sins from Bacillus. 
R. J. Lewis, J. A. Brannigan, A. J. Wilkinson (University of York, UK) 
with G. Evans and 
K. S. Wilson 
Upon encountering nutrient deprivation, Bacillus subtilis initiates 
alternate responses that 
enable the bacterium to overcome the hostile environmental 
conditions. These profound 



alterations in metabolism and morphology are controlled by an 
elaborate molecular circuitry that" 
comprises many components and is responsive to a variety of 
stimuli. Among the control 
elements that determine which of the alternative pathways should 
be followed, are the proteins 
of the sin (sporulation inhibition) locus - SinR, a 14 kDa tetrameric 
DNA binding protein, and 
SinI, a 6 kDa antagonist of SinR. SinR is dual-function regulatory 
protein whose activity is 
required for the development of competence and motility but is 
inhibitory to sporulation and 
exoprotease production. For entry into sporulation, the activity of 
SinR must be switched off. 
This is achieved by the action of the SinI protein which down-
regulates SinR activity through 
the formation of a SinI:SinR protein-protein complex. Therefore, the 
sin operon is likely to be 
a major control factor for entry into stage II sporulation. 
We have crystallised the SinI:SinR complex in space group P3121 
with cell dimensions a = b = 
60.76 A, c = 87.79 A with a single SinI:SinR heterodimer in the 
asymmetric unit. The position 
of one Se atom was previously identified in a difference Patterson 
with X-ray data from a 
crystal of Se-Me derivitised SinI complexed with wild type SinR. The 
phasing from this one 
Se atom is not sufficient for an interpretable electron density map to 
be calculated. A MAD 
experiment was planned on X31. However, the EXAFS fluorescence 
spectrum of a crystal of 
the Se-Met derivitised SinI, wild type SinR complex did not yield a 
sufficiently large 
anomalous signal for MAD to be viable. Nevertheless, diffraction data 
were recorded at the 
optimised wavelength (1 = 9.7 A) to 2.15 A. These data are not 
isomorphous with native data 
previously recorded. The single Se atom yields a clear solution In an 
anomalous Patterson, 
Plate 21, but an interpretable electron density map cannot be 
calculated with phases from this 
one Se atom. We have now crystallised the SinI:SinR complex where 
both proteins have been 



derivitised with Se-Met and we plan to attempt the MAD experiment 
again in 1996. 
Cyclic Nucleotide Structures 
Harry Powell and Sarah Wilson (CCDC, University of Cambridge, 
England) 
The cyclic -octanucleotide -(CATTCA TT)- was crystallised in space 
group P212121 (a=22.8, 
b=27.7, c=55.4 A), from a solution containing sodium cacodylate 
buffer (pH 7.0), barium 
acetate, and PEG 4000. Data were collected at 120 K using 
synchrotron radiation of 
wavelength 0.934 A, at station XlI in August 1995. The data were 
processed with DENZO 
giving Rmerge = 0.069, 100 % complete to 1.1 A resolution. 
A barium atom could be located from the Patterson function and the 
good quality, high 
resolution data allowed the subsequent expansion of about half the 
structure using the novel 
peak list optimisation algorithm developed by George Sheldrick. The 
rest of the structure could 
be located during refinement with SHELXL, the latter stages of which 
are still in progress. 
Plate 22 shows a view of the two molecules in the asymmetric unit. 

PLATE CAPTIONS 
Plate 1: Overview of the beam time for protein crystallography In 

1995. (a) Breakdown 
of the total time including ring down times and idle time. (b) 
Distribution of the 
useable beam time. 
Plate 2: Distribution of the beam time between visitors from 
member states, those from 
non-member states, for in-house research and for maintenance 
during the year. 
Plate 3. Distribution of the proposals received for 1995 for 
protein crystallography by 
country. 
Plate 4: Distribution of the beam time allocated for 1995 for 
protein crystallography by 
country. 
Plate 5: (a) The increase in beam time available for protein 
crystallography from 1994 to 



1995. (b) The time available on the 4 protein crystallography beam 
lines. 
Plate 6: The excess of demand over supply for beam time. 
Plate 7: Structure of the bacteriophage T4 deoxynuc1eotide 
monophQsphate kinase 
monomer. The bound dGMP and mutated residues Lys 10 and Thr 
140 are 
labelled. 
Plate 8: Schematic VIew of the fold of the glutaminase domain of 
glucosamine 6-
phosphate synthase from E. coli . The fold is typical of the recently 
found NtN 
hydrolases. 
Plate 9: Schematic representation of the proposed transition state 
for yeast inorganic 
pyrophosphatase. H-bonds between residues presumed to be 
involved in the 
activation of the water molecule are shown. 
Plate 10: Stereo view of the superposition of the oxidised (grey) 
and fully reduced (black) 
forms of the FMN binding site in the D95A mutant of flavodoxin. 
Plate 11: A view of the 2'-O-methyl-CGCGCG RNA complex. 
Plate 12: The structure of the phosphorylase kinase g-subunit. The 
substrate analogue 
Mn2+/ AMPPNP binding at the cleft between the two domains is also 
shown. 
Plate 13: The structure of neuraminidase at 1.2 A resolution. The 
enzyme is relatively 
large with 382 amino acids. The quality of the electron density is 
clear from the 
figure. 
Plate 14: The catalytic fragment of poly (ADP-ribose) polymerase. 
Plate 15: A schematic view of thymidine kinase from Herpes 
simplex virus type 1. 
Plate 16: Schematic views of three glycosyl hydrolases from 
Clostridium thermocellum, 
(a) endoglucanase CeID, (b) xylanase XynZ and cellulase Ce1C. 
Plate 17: A schematic representation of the fold of monomer of 
Glycyl-tRNA synthetase 
from Thermus thermophilus 
Plate 18: (a) The cytochrome c6 secondary structure. The haem 
plane separates the 



peptide chain into two regions. The N region consists of an initial 
helix, 
followed by the haem-c Cys-X-X-Cys-His binding motif, and three 
reverse 
turns within _a loop bridging to the second helix. The C region begins 
with a 
reverse turn leading to the third helix, followed by a loop with two 
reverse turns 
and finishing with the final, C helix. 

(b) Probability ellipsoids (20%) after anisotropic refinement. 
The anisotropy is 
quite pronounced showing, in these residues, a concerted molecular 
motion. 

(c) The final 3Fo-2Fc map for residues 62-64. This structure is 
really close to 
the crucial atomic resolution limit. The probability ellipsoids (20%) 
show a more 
pronounced anisotropy for the atoms at the end of the side chains, 
for some of 
the proline ring atoms (envelope flip), and for the carbonyl oxygens, 
which tend 
to move at right angles to the C=O bonds. 
Plate 19: 50% Atomic thermal ellipsoids for one monomer unit of 
the Balhimycin peptide 
antibiotic. 
Plate 20: Ribbon diagram of TRAP molecule; VIew with ll-fold aXIS 
of symmetry 
perpendicular to the plane of the figure. L-tryptophan molecules are 
shown as 
van der Waals models. 
Plate 21: Harker section (Z = 1/3) of the anomalous Patterson with 
data extending to 
2.5 A, of the optimised-wavelength Se-Met SinI/wild type SinR data 
set. 
Plate 22: AA view of the two molecules of the cyclic octanucleotide 
-(CATTCATT)- in the 
unit cell. 
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1995 PX beam proposals submitted per country 
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The catalytic fragment of poly (ADP-ribose) polymerase 

Poly (ADP-ribose) polymerase (P ARP) is an 
abundant enzyme in the nuclei of most 
eukaryotes. It is involved in the detection of 
DNA strand breaks and plays an important 
role in the immediate cellular response to 
DNA damage. Inhibitors of P ARP are of 
clinical interest as sensitizers in the radio- and 
chemotherapy of cancer. 
The structure of the 40 kDa C-terminal 
catalytic domain of P ARP from chicken has 
been solved by MIR at 2.5 A resolution in 
space group P212121• Two crystals complexed 
with two different nicotinamide analogue 
inhibitors have been measured on beamline 
X31 at the EMBL Hamburg yielding two 2.4 
A resolution data sets. With this data the 
mode of inhibitor binding could be 
determined. This is important for structure-
based design of new inhibitors. The native 
structure of P ARP catalytic fragment together 
with an inhibitor-ligated structure has been 
submitted for publication. 
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Thymidiiie kinase fram Hef1Je& simplex virus type I 

Thymidine kinase (TK; ATP:thymidine 
5'-phosphotransfrase; E.C. 2.7.1.21) is the 
key enzyme in the pyrj.midine salvage 
pathway. Whereas the cytosolic 
isoenzyme catalyzes transfer of the y-
phosphate from ATp· g2+ to thymidine to 
produce thymidine onophophate (dTMP) , 
the virus encode enzyme repeats this step 
yielding thymi.91ne diphosphate (dTDP). 
Moreover, TK accepts only 
pyrimidines, "whereas viral TK also accepts 
purines, ani even those carrying an acyclic 
ribose analogue such as the Herpes prodrugs 
acicIoviJ and gancicIovir. In virus-infected 
cells t)lese prodrugs are activ ed to their 
triph9"sphates and incorporat into the viral 
DNA resulting in chain te nation. 

The structure of e dimeric TK has recently been solved (Wild et al. (1995) FEBS 
Letters 368, 289-292). ne derivative data set has been successfully ·on-beamline 
X31 at the EMBL Ha'mburg to 3.0 A resolution. Additionally, a collected on 
beamline X31 has been used for the refinement of the strlJcture to"; resolution of 2.75 A. The 
result of this refinement will be published in the near future. 
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Ab initio determination of the crystal structure of cytochrome c,> '/].. . 

Carlos Frazaol , Claudio M. Soaresl , Maria A. Carrondol , Ehmke Pohl2, Manuel Hervas3, 
Jose A. Navarr03, Miguel A. De la Rosa3 and George M. Sheldrick2 . 

I ITQB-UNL, Oeiras, Portugal, 2Institut fUr Anorganische Chemie der Universitiit Gottingen, 
Germany, 3Instituto de Bioquimica Vegetal y Fotosintesis, Sevilla, Spain 

Synchrotron X-ray data with an effective resolution of 1.2 A and the presence of an iron and three 
sulfur atoms enabled, possibly for the first time, the determination of an unknown protein structure 
byab initio methoas. Anisotropic refinement was accompanied by a decrease of over 7% in Rfn:c:; 
the anisotropic motion is concentrated at the terminii and between residues 38 and 53. The heme 
geometry is in very good agreement with a new set of heme (restraint) distances derived from small 
molecule structures; this is probably the most precise structure of a heme protein to date. Potential 
electron transfer pathways were analyzed on the basis of this structure and compared with similar 
calculations for plastocyanin. 

. Fig -4. The cytochrome C6 secondary structure. 
The heme plane separates the peptide chain into 
two regions. The N region consists of an initial a 
helix, followed by the heme-c Cys-X-X-Cys-His 
binding motif, and three reverse turns within a 
loop bridging to the second a helix. The C 
region begins with a reverse turn leading to the 
third a helix, followed by a loop with two 
reverse turns and fmishing with the fmal, C helix. 

N·Hclix 

}'1" r . • \.. r' ',,' ;-
\ - ""'"". . Probability ellipsoids (20%) after anisotropic 

f'-,. '6 ( L , ltLl( \ J 

refmement The anisotropy is quite pronounced 
showing, in these residues, a concerted molecular 
motion. 

The final3Fo-2Fc map for residues 62-64. This structure is really close to the crucial atomic 
resolution limit The probability ellipsoids (20%) show a more pronounced anisotropy for the atoms 
at the end of the side chains, for some of the proline ring atoms (envelope flip), and for the carbonyl 
oxygens. which tend to move at right angles to the C=O bonds. 



Crystal S ctures of bio peptide antibiotics and various 
ants at high r 

• Dauter, K.S. son, and T •• Schn,eider (EMBL Ham 
Schifer, L. H- ing and L U n (Univ. of Gottingen) 

antibi at atomic resolution 
mers) in the asymme c unit plus s ent content between 40 0%, these crystals 

ave comparable diffra on properties those of Rubredoxin, in and other 
proteins. Conventio at X-ray source are not able to record a beyond 3A There re, 
synchrotron ra . tion is essential the atomic resoluti 
so that ab i 'io methods can developed to solve the ase problem, and so at precise 
structur eatures can be e racted. For the first a set of the peptide an· otic structure 
solu . . ect methods has not been achieved yet, but e were successful 
in olving the structure with the molecular replacement method. The structure is being 
refined against F2 using the program SHELXL. All data are being employed for an 

refinement with a cWlettL It-va1ue of about II %.-
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Instrumentation group 

Group leader: C. Hermes 

Scientist: RG. van Silfhout 

Assistants & Engineers: T. Gehrmann, M. Hahn, R K1aring, V. Renkwitz, B. Robrabn 
Trainee: Sebastiaan van Dijken* 

BW7 A, the straight branch of the EMBL wiggler beam-line: 

The main activities in the instrumentation group during 1995 were concentrated on the 
start-up of the straight section BW7A of the EMBL wiggler line BW7. The basic layout of 
this line was already presented, but the key optical elements in their sequence from source 
to sample should be mentioned as a reminder: Rh-coated premirror, beam splitter, double 
monochromator system and segmented Rh-coated glass mirror for vertical focusing and 
harmonic suppression. By selecting the appropriate combination of optical elements one can 
choose from various ranging from white wiggler radiation to a highly monochro-
matic and focused beam. 
During the year the Rh-coated vertical focusing glass mirror was installed. Twelve individ-
ual glass segments - 100 mm long, 40 mm wide - were placed on a specially shaped Al-
beam, pre--aligned and positioned inside the vacuum system as a complete assembly. Verti-
cal focusing is implemented from outside the mirror's vacuum vessel by flexing the entire 
AI-beam using a lever system and a reduction gear stepper motor combination. The force 
exerted is measured and serves as a reference for the magnitude of the mirror's meridional 
radius of curvature. 
To fully exploit the various modes of operation offered by this beam line we had to develop 
UHV compatible, water cooled slit modules. The design is characterised by extIeme com-
pactness and a very long stroke of 40 which allows us to position slits extremely 
asymmetrically - a common situation for a beamline with 2 mUrors and a double mono-
chromator. The individual slit jaws are motorised by stepper motors and a linear movement 
resulting from a high precision spindle drive is transmitted into vacuum via flexible stainless 
steel bellows. Each individual jaw position is encoded, and an accuracy of approx. 1 J.I. could 
be achieved. Sixteen of these modules, i.e. 4 complete slit assemblies have been built 
into the beam line. 
Commissioning was performed at the beginning of the last SR-beam period with a home 
made jet-cooled channel cut Si(lll) monochromator. In this design, coolant from a ther-
mostat is sprayed through jets which are positioned very close to the back surface of the 
first crystal mce. The resulting turbulent flow of water gives rise to very efficient cooling of 
the first reflecting crystal mce which has to take the full power of the wiggler beam. At a 
later stage this monolithic monochromator version will be replaced by a 2aerystal arrange-
ment with fixed beam exit, a much greater flexibility in the choice of wavelengths as well as 
an option for a sagittally focusing second crystal. The design of this new system is c0m-
pleted and most of the mechanical components are already built, incorporated and used. 



Because of the lack of horizontal focusing, for our first experiments on BW7 A the beam 
had to be confined horizontally by slits to the size of typical protein crystals (0.3 mm). Al-
though we estimated the loss in intensity to approx. 50 when compared with the full width 
beam, the intensity turned out to be higher than on our bending magnet beamJine X31 
(focused, rapidly tuneable beam1ine in Hasylab 3). This provides a very promising perspec-
tive for the attainable intensities once the focusing monochromator is in place. The Bragg 
angle of the monochromator, as well as its vertical and horizontal position are measured 
with high precision optical encoders and controlled by a DC-motor servo system. The entire 
set-up turned out to work extremely stable with a high degree of reproducibility and reli-
ability. 
During the last week of beam time high quality protein crystal diffi'action data were col-
lected on 4 external projects using a small MAR image plate scanner. It should be men-
tioned here that a considerable :fraction of next year's beam time must be reserved for the 
commissioning of the focusing monochromator. 

Other activities and projects 
Other activities of our group concerned maintenance and improvement of various compo-
nents of existing beam lines; two examples of which will be given below. 
The crystal bender ofbeam line BW7B was replaced with a new design, whose key compo-
nent is a so-called Picomotor, a fine pitch screw activated by a piezoelectric drive motor 
that allows incremental movements of approx. 20 nm and hence dramatically facilitates the 
adjustment of the proper focusing conditioDS. 
Furthermore we tested a new improved version of the BW7B water-cooled crystal mount. 
After a very promising start, i.e. a considerable gain in intensity, a water leak stopped these· 
tests. Nevertheless we will continue this development since the problems seem to arise from 
an inadequate welding procedure, which can be modified. 
Apart from minor shut down periods for performing the above mentioned tests beam line 
BW7B was operational throughout the year and turned into one of the EMBL 'workhorses' 
providing protein crystallographers with high quality data. Almost 100 external projects 
were carried out on this line. 

Publications during the year 

van Si1fhout, R.G. & Hermes, C. (1995). X-ray instrumentation for a focused wiggler 
beamline at the EMBL Outstation Hamburg. Rev. Sci. Instrum., 66 (2), 1818-1821 



1 

Biochemistry and Molecular Biology 
Scientist: C. E. Vorgias 
Fellows: I. Tews, A. Perrakis* 
Research Assistant: E. Christodoulou 
Visitors: D. Sideris (Athens University), T. Matzouridis (Athens University), M. 
Cassaroto (NMR Centre Leichester, UK), A Oppenheim (Jerusalem, Israel) 

Structure and function studies on the histone-like protein HU from 
phychrophilic, mesophilic, thennophilic and extreme thermophilic 
bacteria 
HU is a DNA bincting protein with low DNA sequence specificity. The protein has 
been isolated from a variety of procaryotes. HU is a small basic homodimeric 
protein with 90-92 amino acids for each monomer. The primary structures of HU 
from a variety of bacteria have been determined and the proteins show significant 
homology. The three-dimensional structqre ofHU from Bacillus 
stearothennophilq,s has been solved at 3 A resolution and previously in our 
laboratory at 1.9 A 
The elucidation of the structural features responsible for the thermostability of HU 
proteins from different mesophilic and thennophilic Bacillus species was one of 
our major projects the last years. The cloning of five hu genes from mesophilic and 
thermophilic Bacilli and their overexpression in E. coli. allowed the preparation of 
protein material for biochemical, biophysical, structural and mutational studies. 
These studies have shown that only few amino acid are responsible for the 
thermal stability of HU. We were able to show that a combination of three point 
mutations could revert a thermophilic HU to mesophilic and vice versa. This year 
we have extended these studies to an extreme thermophilic HU from the 
eubacterium Thermotoga maritima. The genes for HU was isolated, cloned, 
efficiently overexpressed in E. coli and the protein was purified in sufficient 
amounts. Circular Dichroism denaturation studies have shown that the 
recombinant protein shows a melting temperature of 84 °C, slightly higher than the 
optimum growth temperature of the organism. Several mutants were contructed. 
Surprisingly, a point mutation was able to revert the extreme thermophilic HU to a 
mesophilic, decreasing the melting temperature by 30°C. Previously, we have 
detected an HU protein from a not yet classified phychrophilic bacterium and we 
are trying to isolate the gene for further structure-function studies. 

NMR studies on HU protein (Cooperation with the NMR centre in 
Utrecht, H. Vis, R. Boelens and R. Kaptein). 
The assignment of the IH, 13C and 15N nuclear magnetic resonance of the 
histone-like protein HU from B. stearothennophilus in solution is completed. This 
provides a starting point for NMR studies of its structure, dynamics and the mode 
of DNA binding, The secondary structure was determined based on a qualitative 
analysis ofNOE data derived from one 3-D NOESY-(l3C,15N)-HSQC spectrum, 
on secondary IHa, IHN, 13Cb, 13Ca, 13CO, 15N chemical shifts and on amide 
proton exbange data. The arrangement of the three a-helices and the three 
extended b-strands was found to be consistent with the X-ray structure. However, 
the second a-helix in the solution structure begins three residues earlier and 
consequently the loop between the first two a-helices is shorter, Futhermore, the 
conformation of the end of the b-ann region is different from that suggested 
previously. A study to determine the three-dimensional structure of the HUBst 



. dimer in solution and as a complex with DNA is in progress. 

Structure and function of chitin degrading enzymes chitinase A and 
chitobiase from Serratia marcescens 

Chitin is the second most abundantly distributed polysaccharide throughout 
na.ttu'e after cellulose. It is present in the exosklelton of insects. in mollusca, 
coelenterata, nematodes, protozoa and the cell wall of many fungi. 
Our interest is the elucidation of the mechanism of chitin degradation by 
chitinolytic enzymes. These enzymes are produced and secreted from chitinolytic 
bacteria and are chitinases (Ee. 3. 2. 1. 14) and chitobiases (BC. 3. 2. 1. 30). 
Chitinases have been classified into families 18 and 19 of glycosyl hydrolases. 
They hydrolyse chitin to oligosaccharides of which N, N' -diacetylglucosamine is 
the predominant product. N, N -diacetylglucosamine is the substrate for chitobiase 
(trivial name for N-acetylglucosaminidase) which is classified into family 20 of 
glycosyl hydrolases. 
The genes encoding for chitinase A (chiA) and chitobiase (chb) from the soil 
bacterium Serratia marcescens were previously isolated, cloned, sequenced and 
overexpressed in E. coli. The enzymes have been purified, characterized and 
crystallized. X-ray data for the native crystals, derivatives or complexes with 
different substrates and inhibitors were collected up to 1.9 A resolution using the 
EMBL beamlines XlI and X31 (HASYLAB). 
The structure of chitinase A was solved by multiple isomorphous replacement and 
comprises three domains. The N-tenninal domain which is made up of b sheet, 
connects through a binge region to the main (ba)8 barrel domain. The third 
domain, which has an a+b fold, is formed by an insertion in the barrel motif. The 
average B value for protein atoms is 24.1 Ai. The N-tenninal domain has a fold 
similar to that of the animal protein fibronectin type m module domains. Its function 
is yet unknown but might well facilitate the binding of the enzyme to the 
filamentous chitin substrate. Enzyme engineering techniques are currently applied 
to elucidate the function of the different domains of chitinase A The active site was 

. identified by solving the structure of the enzyme with an oligomer of its natural 
substrate. The substrate binding site is fonned by a long groove, located at the C 
tenninal end of the b strands of the (ba)8 barrel. In all known enzymes with (ba)8 
barrel structure the active site is located at that end of the barrel. 
The previously refmed structure of a complex of chitinase A with the dissacharide 
diNAG and the published complex of the chitinases inhibitor allosamidin with a 
plant hevamine (an homologous enzyme with chitinasellysozyme activity) have 
given new insight to the enzymatic mechanism of chitin degradation. It has been 
shown that hevamine and other bacterial chitinases are retaining enzymes. The 
structurally conserved Glu315 in chitinase A is the proton donor in a general acid-
base catalysis. Also the Asp313 residue is important for the enhancement of the 
acidic character of the Glu315 via an hydrogen bond. Due to the absence of any 
negative charge to stabilise the reaction intennediate, it is proposed that it is 
stabilised though the carbonyl oxygen on the N-acetyl group at C2 which is 
parially negatively charged. Alternatively, a covalent bond between the carbonyl 
oxygen and the Cl atom might be fonned to stabilise the reaction intennediate. 
Biochemical and mutagenesis studies as well as X-ray studies on 
enzyme/substrates cocrystals are currently applied to verify this proposition. 

The 3-D structure of chitobiase was also solved by multiple isomorphous 
replacement. Chitobiase has an eight stranded ba-barrel structure (domain ill) 
surrounded by three additional domains. Domain I comprises residues 28 to 175 
and is connected to domain II by a fifty amino acid long linker which folds around 



the (ba)8-barrel (domain ill). Domain II shows two parallel helices and a seven 
stranded b-sheet (partly parallel and partly antiparallel) faces the solvent. Domain 
m folds into an (ba)8-barrel motif and it comprises 465 amino acids. The eighth 
helix is replaced by three helical segments and a b-strand The C-tenninal end of 
the barrel faces towards domain I. The active site was identified by substrate and 
inhibitor binding studies to be at the C-terminus of the (ba)8 barrel Most prominent 
insertions to the barrel motif are a loop towards domain I and two helices pointing 
into solvent. A long helix expands around the barrel and completes domain m. 
This helix has a kink after 4 tmns where a glycine is found Domain IV folds into 
two small b-sheets. 
Based on the structure of the complex with the substrate disaccharide (diNAG) 
chitobiose and on previous biochemical data an acid-base reaction mechanism is 
proposed in which only one protein carboxylate (Glu540) acts as catalyst, while 
the nucleopbile is provided by the polar acetamido group of the sugar in a 
substrate assisted reaction, known as neighbouring group participation or 
anchimeric assistance. This is the [rrst example of a natural substrate complex for 
a glycosyl hydrolase with a sugar in the + 1 and -1 site on each side of the 
scissile bond. The reaction proceeds with retention of anomeric configuration. 
The primary structure of the catalytic domain of the homologous hexosaminidases 
is very similar to the catalytic (ba)8-barrel of chitobiase. The 3D structure of 
hexosaminidase A has been modelled based on the 3D structure of the catalytic 
domain of chitobiase. Pathogenic mutations, previously classified by phenotype in 
the human Tay-Sachs and Sandhoff genetic diseases, are given a structural 
rationale. The locations of the mutations deduced from this model correlate 
reasonably with the severity of the phenotype. It would be interesting in the future 
to introduce the relevant mutations into chitobiase to investigate their effects in this 
model system. 

Cloning, overexpression purification and characterization of a 
thermostable chitinase from Streptomyces thioviolaceus 
The chitinase gene chi40 was isolated from the thermophilic bacterium 
Streptomyces thioviolacens cloned in pET -19b (fused with 8 His for affinity 
purification) and efficiently overexpressed in E. coli. The recombinant chitinase 
has a molecular weight of 40 kDa is highly active and shows significant 
thennostability. The melting temperature measured by CD spectroscopy was 74-
75°C. The protein was biochemically characterized. Homology modelling applied 
to predict the 3D structure of this enzyme has shown that the major catalytic 
domain has an (ba)8-barrel fold but our efforts are to crystallize this protein and 
determine its 3D crystal strucutre. 
Cloning and primary structure of a chitinase from Aeromonas caviae 
A DNA fragment from the soil bacteria Aeromonas caviae containing the gene 
encoding an extracellular chitinase (chi) has been cloned and sequenced 
Computer analysis deduced an open reading frame encoding a protein of 865 
amino acid (aa) sequence that shows high homology to the chiA of Serratia 
marcescens. Expression in E. coli yielded enzymatically active protein with an 
estimated molecular weight of 94 kd. The deduced aa sequence is 23 aa longer at 
the amino terminus than that determined experimentally by sequencing of the 
purified protein, suggesting that a leader sequence is removed during transport of 
the enzyme across the cell membrane. The C-terminus extension found in the 
chitinase from Aeromonas caviae is larger than the chitinase A of Serratia 
marcescens by 301 residues and is similar to that of the chitinase from 
Alteromonas sp. The C-terminus contains two small related sequences that 
probably arose by gene duplication. This domain also aligns with the last 40 
residues of two more Bacillus cellulase gene products (CELA and CELB). These 



observations suggest to us that the C-tenninal region of the Aeromonas caviae 
chitinase and the Bacillus sp. strain N-4 cellulases are functionally related and 
may be involved in the ability of these enzymes to degrade their highly 
hydrophobic substrates. (This project is in cooperation with A Oppenheim and 1 
Chet, Hebrew University, Israel). . 
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The EMBL EXAFS beamline was available for in-house and user projects not before May 
1995, because some important modifications had to be made to various parts of the setup. Due 
to the high currents available from DORIS m now (> 100 mA), the front end cooling system 
of the beam line had to be modified. Instead of only one cooling circuit, which included the 
front end slits (exposed to the white synchrotron radiation), the first monochromator crystal 
and the piezo spring, a second cooling circuit was introduced. This circuit is dedicated to the 
frrst slits, allowing to control the temperature of the first monochromator crystal more 
accurately. Secondly, some basic realignment work was carried out on all major beam line 
components, including the beam line front end and the optical bench. Furthermore, we 
observed some residual contaminant fluorescence signals (Cll, Fe) when investigating very 
dilute metalloprotein samples with the 13-element detector. It turned out, that such signals -
originating from inner parts of the cryostat - can have a severe influence on the data quality 
obtained for dilute systems. We solved the problem by introducing high purity AI shields into 
the cryostat reducing the background signals to negligible amounts. 
Despite the delayed availability of the beam line, nearly all the projects handed in to the 
priorities committee couId be performed, and in addition there was beam time for in-house 
activities. On the other hand it became clear that some projects (e.g. XAS studies on oriented 
photosystem IT samples containing Mn, vide infra) require access to the wiggler beam line 
BW7 A to get a satisfactory signal to noise ratio. Without the ability to perform EXAFS 
measurements on a wiggler beamline, the EXAFS activities at EMBL can clearly not be 
competitive with those of other research laboratories. 



In the following sections a number of selected in-house and collaborative projects will be 
described. A complete list of the projects in 1995 can be found in the EMBL Annual Report. 
More detailled information about the projects can be obtained either from the HASYLAB 
report or from a number of publications. 

X-ray absorption studies on the binding of molybdenum. by biomolecules 
(A.-K. Duhme. H.-F. Nolting & V.A. Sole (EMBL)) 

Molybdenum as well as iron is a component of the conventional nitrogenase and both metals 
are essential for the optimal growth of nitrogen fixating bacteria such as Azotobacter 
vinelandii. Molybdenum occurs in oxidising conditions and in dilute solutions in the 
environment as water soluble molybdate whereas Fe(TII) hydrolyses to form highly insoluble 
hydroxide. It is well established that microorganisms excrete low-molecular weight chelators. 
so called siderophores in response to iron deficiency to solubilise Fe(lll) for transport into the 
cell. In contrast the uptake and transport of molybdenum is only poorly understood. With this 
in mind we initiated a study to investigate the interactions of molybdate with potential Mo-
sequestering biomolecules in aqueous solution by X-ray absorption spectroscopy. 
Biomolecules currently under investigation are: 
1. uronic acids, for example O-glucuronic acid as a component of the extracellular 

polysaccharides produced by Pseutio11Wnas aeruginosa, and 
2. siderophores. for example Azotochelin. a naturally occurring tetradentate catecholate 

siderophore synthesised by Azotobacter vinelandii. 
As it was evident from NMR-spectra that the complexation of molybdenum by uronic acids is 
effected only under slightly acidic conditions, it was necessary to investigate first the 
formation of polymolybdates occurring on acidification of aqueous molybdate solutions. At 
neutral pH and a concentration of 0.3 M, molybdate was found to be present as monomeric 
MoOi--dianions. At pH 5 the dominating species in solution are polymolybdates already, 

probably heptamolybdate. They could easily be identified in the EXAFS spectrum due to the 
strong multiple scattering effects arising from the collinear arrangement of the oxygen-bridged 
Mo-O-Mo-units. The analysis of the pH-dependence with respect to structural changes in 
presence and absence of the uronic acid ligand is still going on. 
The complex formation of the catecholate siderophore is less pH-dependent. The addition of 
an equimolar amount of Azotochelin to a 0.3 M molybdate solution at neutral pH results in a 
spontaneous complex formation, obvious not only from a change of colour but also from X-
ray absorption spectroscopy. Data of good quality have just been obtained. The work on data 
evaluation and analysis is in progress. 



Evidence for multielectron resonances at the Sr K edge 
(p. D'Angelo & H.-F. Nolting (EMBL) & N.V. Pavel (Rome») 

Calcium. is one of the major components of mammalian bone tissue. Strontium has been 
widely used to trace the path-way of calcium in the body. Since Sr retained in the body 
accumulates almost entirely in the mineral portion of the bone, studies of bone mineralization 
were performed using Sr as a marker of Ca. For this reason several X-ray absorption fine 
structure (EXAFS) studies have been performed at the Sr K-edge. A reliable interpretation of 
the EXAFS structural results requires a detailed characterisation of the atomic process 
affecting the Sr cross-section. Therefore X-ray absorption spectra of a Sr2+ aqueous solution 
have been studied in order to asses the contribution of double-electron excitation channels to 
the atomic background. Anomalies in the spectra have been identified which are assigned to 
the simultaneous excitation of ls4s, ls3d and ls3p electrons, referred to as KN" KM4•5 and 
KM 2.3 channels. A reliable determination of the double-electron edge parameters has been 
obtained by performing an analysis of the structural contribution in the correct framework of 
the radial distribution function theory. The experimental values of the energy onsets of the 
double-electron features are in excellent agreement with the predictions of the Z+ 1 
approximation. The influence of double-electron effects on the determination of the structural 
parameters has been studied by using asymmetric peaks to model the Sr-O and Sr-H 
coordination shells. It has been found that an accurate determination of the structural 
parameters is only possible if double-electron channels are accounted for. The exclusion of 
these effects results in systematic errors on the structural parameters and, in particular, in a 
severe underestimation of the coordination numbers. The shape and the energy onsets of the 
double-excitation edges are expected to change according to the chemical environment of the 
absorbing atom. However the results of the present investigation provide an invaluable insight 
and guideline for the correct analysis of any X-ray absorption spectrum at the Sr K edge and in 
general in any spectrum where multielectron resonances are present. 

EXAFS studies on the ligation geometry of iron atoms in protein R2 of ribonucleoside 
diphosphate reductase from Escherichia coli and its radical reduced form. metR2 
(V.A. Sole & H.-F. Nolting (EMBL), S. Kuprin, A. Grislund & A. Ehrenberg (Stockholm» 

Ribonucleoside diphosphate reductase plays a key role in the synthesis of DNA. The smaller 
protein subunit R2 carries J.1-oxo bridged dinuclear iron centers with ferric ions, and adjacent 
to them a stable tyrosyl free radical. The radical, neutral and deprotonated, is located on the 
Tyr-l22 residue, -5 A away from the Fe. site. The presence of the radical is essential for the 
enzymatic activity, but the molecular mechanism of the enzyme function is not known. A 
hydrogen bonded network is discussed as a possible path for the radical involvement in the 
reaction. The inactive, radical reduced form, metR2, is obtained by treatment of active protein 



R2 with hydroxyurea. Previous EXAFS studies (G. Bunker et aL, 1987) have not revealed 
differences in ligation geometry of the iron sites between active R2 and metR2. However 
differences between EPR spectra of the Fe(DI)-Fe(ll) states of R2 and metR2 were observed in 
low temperature reduction studies. Hence a reinvestigation of EXAFS spectra of active R2 
and metR2 was initiated. 
During the course of the EXAFS measurements it was observed that both, native R2 and 
metR2, were suffering from photoreduction. The synchrotron radiation beam had to be 
focussed at different sample positions in order to work always with an intact sample. If these 
precautions are not taken, a systematic reduction of EXAFS amplitudes is observed. 
The k3-weighted EXAFS data confmn a high degree of similarity between active R2 and 
metR2. However there is a noticeable difference that can be observed in the XANES region as 
well as in the EXAFS region of the spectra. Both forms of the protein R2 show that the iron 
atoms are six-coordinated. The presence of a J.l-oxo bridge at 1.8 A is confmned. The rest of 
the fIrSt shell consists of 5 atoms (oxygen and probably nitrogen) at 2.0 A. The distance 
between the iron atoms is 3.2 A. These values are common for both forms and are 
systematically smaller than those available from the crystal structure (P. Nordlund et al., 
1990). The difference between the EXAFS spectra of R2 and metR2 seems to arise from 
atoms at distances between 2.0 A and 3.2 A and higher shells (see Plate XASt). The work on 
data evaluation and interpretation is in progress. 

Structure and function of the Photosystem n-manganese complex investigated by X-ray 
absorption spectroscopy 
(H. Schiller, W. Domer, J. Dittmer & H. Dau (Marburg), V.A. Sole & H.-F. Nolting (EMBL» 

Plants and cyanobacteria are capable of producing molecular oxygen by water oxidation. 
The catalytic center for the light-driven water oxidation is a relatively labile manganese 
cluster of unknown structure. This cluster consists of four Mn atoms (+ Mn ligands) which are 
embedded in a large membrane-spanning multimeric protein complex (molecular weight of 
about. 250 kDa), the Photosystem n (pS n) complex. Elucidation of the molecular mechanism 
of the photosynthetic water oxidation is considered to be one of the most important challenges 
in the field of bioinorganic chemistry. The elucidation of the reaction mechanism involved, 
however, is seriously hampered by the lack of sufficient structural information. Today it 
seems to be viable to obtain the structural information needed by Mn K-edge X-ray absorption 
spectroscopy (XAS). 
By XAS on partially-oriented protein samples information with respect to the orientation of 
X-ray absorber-backscatterer vectors becomes accessible (X-ray Absorption Linear Dichroism 
Spectroscopy, XALDS). It is our objective to establish and improve the XALDS-method in 



order to gain significant structural information on the PS IT-manganese complex in its various 
functional states. 
In November 1995, the collection of several XANES and EXAFS data sets on conventional 
and oriented PS IT preparations with the manganese' complex in various states (S I, S2, 
ammonia-modified S2, ammonia-modified S3) was accomplished. These experiments 

demonstrate that the EMBL beamJine is suitable for XAS measurements on metalloproteins 
containing the transition metal Mn with its relatively low K-edge energy. However, the low x-
ray photon flux at the Mn-edge energies requires the use of excellent PS IT samples with a 
high protein concentration. With respect to the structural information obtained by analysis of 
EXAFS spectra, see Plate XAS2. 
XALDS-edge experiments - a novelty at the EMBL beamline in Hamburg - were made on 
oriented PS IT samples in the ammonia-modified S2- and S3-state (see Plate XAS3). The 

reliable determination of absolute edge positions was possible due to the superior energy 
calibration system of the EMBL beamline. The interesting, but still preliminary outcome with 
respect to the involved Mn oxidation states requires further corroborative measurements. The 
collection of XALDS-edge spectra is clearly feasible at the EMBL XAS-beamline. However, 
in the future it could turn out that the use of a Wiggler beamline (which provides brighter X-
rays) is essential for collection of the high-quality XAlDS-EXAFS data needed for 
elucidation of the Mn-cluster structure in its various functional states. 

XAFS-investigatioDS of bacterial cytochrome-c oxidase from Thermus thermophilus 
(R. Hoffmann, A. Miiller & G. Henkel (Duisburg), G. Buse, T. Soulirnane & G.C.M. Steffens 
(Aachen), V.A. Sole & H.-F. Nolting (EMBL» 

Cytochrome-c oxidase (COX) is a multi-subunit protein localized in the inner mitochondrial 
membrane of eucaryotes and the plasma membrane of many aerobic bacteria. The 
metalloenzyme catalyses the reduction of molecular oxygen to water in the respiratory chain. 
The redox energy is converted to an electrochemical proton potential across the plasmatic or 
mitochondrial membrane which is used for the synthesis of A TP. The enzyme contains several 
metal centers of which CUA takes part in the electron transfer. 

Previously we redetermined the XAFS properties (Cu, Fe and Zn K-edge) of native, 
mitochondrial COX from Bovine heart (G. Henkel et al., 1995). According to our results CUA 

is a novel homobinuclear center with unprecedented structural properties. The Cu-Cu distance 
of 2.46 A is very short. The copper atoms are bridged by two cysteine residues. In addition, 
each copper atom is terminally bonded to one histidine residue. These characteristics were 
subsequently confirmed by two crystal structure determinations of COX from Bovine heart (T. 
Tsukihara et al., 1995) and from Paracocus denitrificans (S. Iwata et al., 1995). 



Continuing these works, we measured the Cu and Fe K-edge XAFS of bacterial COX from 
Thermus thermophilus using the EMBL EXAFS spectrometer at HASYLAB equipped with a 
multi-element solid state detector. Fluorescence data were taken at 20 K from frozen samples. 
In contrast to the mammalian oxidase, the bacterial enzyme does not contain a zinc ion. 
Hence, the EXAFS region of the Cu spectra is not limited by the Zn edge. The Cu XAFS 
spectra were obtained from three preparations containing enzyme concentrations of 0.45, 1.36 
and 3.4 mM; Fe XAFS spectra were obtained from an enzyme preparation with a 
concentration of 1.36 mM. The evaluation of these data is in progress. 

EXAFS on corrinoid proteins from Sporomusa Ovilla 
(K. Gruber & C. Kratky (Graz), E. Stupperich (Ulm) & H.-F. Nolting (EMBL» 

The anaerobic acetogenic bacterium Sporomusa Ovata produces large amounts of 3 corrin-
containing proteins (with molecular weights of 23,40 and 60 kDa, respectively, abbreviated 
as P23, P40 and P60) upon induction by methanol. Although the function of each of these 
proteins has not yet been established unambiguously, at least one of them (the 40 kDa species) 
has been shown to be involved in the transfer of a methyl group from methanol to 
tetrahydrofolat (yielding 5-Methyl-THF). Compared to other enzymes with methyl-transfer 
activity (such as the methionine synthase), the corrinoid proteins from Sporomusa Ovata have 
a very unusual cofactor, with a p-cresolyl-aglycon replacing the dimethylbenzimidazole base 
observed in the "common" B12 coenzymes (methyl-cobalamin and 5'-

desoxyadenosylcobalamin). 
In B 12-dependent methyl-transfer enzymes, the cobalt center of the cofactor has been shown to 

occur as Co(I), Co(ll) and alkyl-Co(TII), with coordination numbers ranging from 4 to 6. 
Although a crystal structure analysis is under way in our laboratory for the 40 kDa protein, it 
will not be possible to distinguish crystallographically between e.g. aquo-B 12 (inactive) and 
methyl-B 12' Our EXAFS-experiments therefore aimed at elucidating the electronic state of the 

cofactor's cobalt atom, and the number and nature of its axial ligands. 
We recorded high-quality EXAFS spectra around the cobalt absorption edge (between 
7500-8300 e V) for each of the three corrinoid proteins. Experiments were carried out on the 
EMBL EXAFS beamline, spectra were recorded at 20K in fluorescence mode from 
amorphous precipitates, since the low solubility prohibited the investigation of dissolved 
proteins. Between 32 and 96 scans were recorded for each sample. A solution spectrum was 
also recorded for P40, which, in spite of its high noise-level, established identity to the 
amorphous solid sample, at least for the near-edge part of the spectrum. 
While the spectra are almost identical for the 23 kDa and the 40 kDa proteins, the spectrum of 
P60 shows small but significant differences to the other two proteins. In the near-edge region, 
all three proteins yield very similar spectra. Comparing the spectrum of P40 with spectra 



(collected in a previous beamtime) from various low-molecular BI2 cofactors shows that the 
closest similarity exists with the spectrum of methyl cob(TIl)alamin. while the spectra of 
aquocobalamin and of cob(ll)-alamin fit less well. Also in the EXAFS region the closest 
similarity is with the spectrum of methyl cob(1lI)alamin, at least for P40 and for P23. This 
similarity is also corroborated by first-shell curve-fitting calculations with Fourier-filtered 
spectra, which yields best agreement for a distorted octahedral coordination of cobalt by five 
atoms at about and one at 2.3 A.. The results on the 60 kDa protein are less conclusive 
and will require further experiments. 
EXAFS spectra are best explained by assuming P40 and P23 to carry a methyl-Co(TII)-
corrinoid cofactor. EPR data show a paramagnetic signal upon addition of orr to solutions of 
P40. Appraisal of the significance of the two results has to await further enzymologic studies. 

PH dependence of the active center of the superoxide dismutase of Propionibacterium 
shermanii 
(C. Scherk, M. Schmidt & F. Parak (MUnchen) & H.-F. Nolting (EMBL)) 

The local structure of the iron site of ferric superoxide dismutase (SOD) from P. shermanii 
was investigated by X-ray absorption spectroscopy. This superoxide dismutase is particularly 
interesting since P. shermanii lives in an anaerobic environment and it is not yet understood 
why these bacteria developed a SOD. Additionally, the enzyme belongs to the cambialistic 
class of SOD, i.e. it remains active after replacing the iron with manganese. 
It was found that the metal-ligand cluster of the enzyme is very similar to the 
crystallographically characterized ferric superoxide dismutase from E. coli. To investigate the 
pH dependence of the local environment of the iron atom, EXAFS spectra at pH values 6.4, 
7.8,9.3 and 10.0 were recorded at the experimental station EXAFS I at the EMBL. At low pH 
6.4 the iron atom is five-fold coordinated and the closest ligands consist of three histidines, an 
aspartate and a water molecule. With the rise of pH an increase in coordination number takes 
place which is most evident in the highest pH 10.0. This increase can also be seen from the 
examination of the preedge peak: area and from activity investigations. The main transition 
between the two configurations takes place between pH 6.4 and 7.8; therefore the EXAFS 
spectra hardly change above pH 7.8. After addition of azide the SOD also rests in sixfold 
coordination with the azide as sixth ligand which can be judged from the EXAFS spectrum of 
azide ligated SOD at pH 7.8. 
EXAFS spectra of a model complex for the SOD in the high pH state have been measured at 
different temperatures. Especially for biological compounds with a rather complex local 
structure the number of free parameters has to be reduced either by limitation of the accuracy 
of the structural model or by not adjusting too large sets of parameters involved in the 
interpretation of the EXAFS spectra. Combined with X-ray and Mossbauer stUdies this 



experiment aims to allow also an interpretation of the mean square displacements of EXAFS 
spectra on biological materials. 

Thermal conversion of Sr-contaminated brushite into calcium pyrophosphate - EXAFS 
studies of the Sr coordination 
(E. Rokita (Cracow) & H.-F. Nolting (EMBL» 

In the previous experiment the feasibility of the use of Sr as a marker of Ca in combination 
with EXAFS measurements at the Sr K edge as a method to study the intermediate phases in 
bone mineralization has been demonstrated (E. Rokita et 1993). The data collected so far 
did not confirm the presence of CaHP04·2H20 (brushite) crystals in bone. To improve the 
detection limit of the method a separation of organic and inorganic components of bone was 
performed. The simplest procedure to remove the organic matrix from bone samples i.e. 
incineration at -550°C was chosen. The status of Sr atoms incorporated into the Ca-P crystal 
lattice during thenna! treatment of the compound remains unclear. The current experiment is 
focused on the heat-induced changes of the Sr environment incorporated within brushite 
molecules. 
The Sr-contaminated brushite was prepared according to procedures described elsewhere (E. 
Rokita et aL, 1993). Monetite (CaHP04) and 3 forms of calcium pyrophosphate "(-
CPR, and a-CPR) were prepared by heating the brushite in air for 24h at 180°C. 
550°C, 850°C and 1200°C. respectively. The elemental composition, X-ray diffraction and 
infrared spectroscopic measurements confirm that we were dealing with the compounds in 
question. The compounds were subjected to EXAFS measurements at the Sr K absorption 
edge. The spectra were recorded in fluorescence mode over the range of 15.7-17.0 keY using 
the EMBL spectrometer at HASYLAB. All measurements were performed at 20 K to 
minimize the thermal vibrations. 
The EXAFS spectra above the Sr K absorption edge for 5 investigated compounds are shown 
in Plate XAS4. Although the determination of the Sr coordination parameters is in progress 
the following conclusions may be drawn: (1) EXAFS spectra at the K edge of the incorporated 
Sr may be used to distinguish the structure of brushite, monetite, y-CPR as well as !>-CPR and 
a-CPR, (2) the a-CPR transition is not connected with the changes of Sr 
coordination although considerable structural differences between both crystallographic forms 
of calcium pyrophosphate were confirmed by X-ray diffraction and infrared spectra and (3) 
the presence of the 'Y-CPR pattern in the EXAFS spectrum of the inorganic material separated 
from the bone sample by incineration at 550°C may be considered as an indirect evidence that 
brushite is present in the untreated sample. 
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125, 119-123 
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(CUA) and of the heterobinuclear Fea3-CUB center. Angew. Chern. Int. Ed. Engl., 34, 1488-
1492 

Kratky, C., Farber, G., Gruber, K., Wilson, K., Dauter, Z., Nolting, H.-F., Konrat, R. & 
Kriiutler, B. (1995). Accurate structural data demystify BIZ: high-resolution solid-state 
structure of aquocobalamin perchlorate and structure analysis of the aquocobalamin ion in 
solution. J. Am. Chem. Soc., 177, 4654-4670 

Priggemeyer, S., Eggers-Borkenstein, P., Ahlers, F., Krebs, B., Henkel, G., Komer, M., 
Witzel, H., Nolting, H.-F. & Hennes, C. (1995). XAS investigations on the iron-zinc center of 
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Van derHeijdt, L.M., Schildstra, M.J., Feiters, M.C., Nolting, H.-F., Hermes, C., Veldink, 
G.A. & Vliegenthart. J.F.G. (1995). Changes in the iron coordination sphere ofFe(ll) 
lipoxygenase-l from soybeans upon binding of linoleate or oleate. Eur. J. Biochem., 231. 186-
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{Figure captions} 

PLATEXASl 
Fourier transformed EXAFS spectra ofR2 (solid line) and metR2 (dashed line). 

PLATEXAS2 
Fourier transfonn of a Photosystem IT EXAFS-spectrum. (Spinacia oleracea. S. -state). The 
positions of the Fourier peaks la, 1 b, 2 and 3 are closely related to distances between the 
absorbing Mn atoms and various backscattering atoms. Based on fit results and on comparison 
with model compounds the following peak assignment is, tentatively, proposed: (0) a mere 
consequence of residual k -space background, does not contain structural infonnation; (la) 8 x 
Mn-O distance of 1.80 A. indicative of two di-J.l-oxo bridges; (1 b) possibly a relatively 
inhomogeneous coordination shell due to various oxygen or nitrogen ligands with a Mn-ligand 
distance of about 2 A; (2) two Mn-Mn distances of 2.71 A. indicative of two di-f.1.-oxo-bridged 
bi-nuclear Mn centers; (3) interaction between two Mn atoms and other backscattering atoms 
at about 3.4 A. The third Fourier peak is possibly affected by multiple scattering effects; peaks 
beyond 4 A are due to noise. 



PLATEXAS3 
Edge spectra of a partially oriented Photosystem IT-membrane preparation in the ammonia-
modified S3-state. Spectra were collected with an angle between sample surface and X-ray 
beam direction of 15° and 75°, respectively. Edge position and shape are clearly angle 
dependent 

PLATEXAS4 
EXAFS spectra of Ca-P compounds contaminated with Sr (Sr K edge). Brushite (a), monetite 
(b), y-CPR (c), (d), a-CPR (e). For abbreviations, see text. 
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Members of the EXAFS group (in 1995) 

Project Scientist: H.-F. Nolting 

Scientist: 

Fellows: 

Visitors: 

V.A. Sole 

P. D'Angelo (Rome) (HCMP); (arrival: March departure: December '95) 
A.-K.. Duhme (Oldenburg) (DFG); (arrival: February '95) 

E. Bottari (Rome) 
F. Briganti (Florence) 
H. Dau (Marburg) 
J. Dittmer (Marburg) 
W. DOmer (Marburg) 
M.R. Festa (Rome) 
K. Gruber (Graz) 
R. Hoffmann (Duisburg) 
M. Koch (Duisburg) 
S. Kuprin (Stockholm) 
R. LOcke (MUnster) 
S. Mangani (Siena) 
W. Meyer (liibeck) 
W. Mosler (Graz) 
A. MiilIer (Duisburg) 
A. Ostermann (MUnchen) 
N.V. Pavel (Rome) 
J. Rathmann (Berlin) 
E. Rokita (Cracow) 
O. Sauer (Graz) 
C. Scherk (MUnchen) 
H. Schiller (Marburg) 
C. Scholten (Duisburg) 
S. Schwendy (liibeck) 
B. Sift (Miinster) 
R. Wiesner (Berlin) 
H. Winkler (Lubeck) 
F. Zippel (MUnster) 



List of collaborative projects 1995 

Staff Member Collaborator Country Topic 

H.-F. Nolting K. Gruber & C. Kratky Austria Metal-coordination in para-

- University of Graz cresolyl-cobamide binding 
E. Stupperich Germany proteins from Sporomusa 
University of Ulm ovata 

H.-F. Nolting E. Rokita Poland The influence of fluoride on 
Jagellonain University. Cracow bone mineralization process 

H.-F. Nolting C. Scherk, M. Schmidt & Germany Superoxide Dismutase of 
F.Parak Propionibacterium 
University of Munchen shermanii 

H.-F. Nolting & E. Bottari. M.R. Festa & Italy X-ray absorption study of 
P. D'Angelo N.V. Pavel metals binding aminoacids 

University of Rome 

H.-F. Nolting & N.V. Pavel Italy X-ray absorption study of 
P. D'Angelo University of Rome solubilization loci of 

brominated. molecules in 
aqueous micellar solutions 

H.-F. Nolting & I. Bertini. F. Briganti & Italy EXAFS studies on 2.3 
V.A. Sole A. Scozzafava catechol 

University of Florence 
S.Mangani Italy 
University of Siena 

H.-F. Nolting & J. Haavik Norway XAFS analysis of human 
V.A. Sole University of Bergen tyrosine hydroxylase (HTH) 

H. Winkler. W. Meyer & Germany 
A.X. Trautwein 
Medical University of Lubeck 



H.-F. Nolting & R. Hoffmann, A. Miiller & Germany Cytochrome C-oxidase 
V.A. Sole G. Henkel 

University of Duisburg 
G. Buse, T. SouJirnane &. Germany 
G.C.M. Steffens 
RWTHAachen 

H.-F. Nolting & S. Kuprin, A. Griislund & Sweden EXAFS studies of iron 
V.A. Sole A. Ehrenberg clusters in protein R2 of 

University of Stockholm ribonucleotide reductase 
in three states 

H.-F. Nolting & A. Muller & G. Henkel Germany Nickel centers in 
V.A. Sole University of Duisburg hydrogenases 

A. &kens, K. Schneider & Germany 
A. Miiller 
University of Bielefeld 

H.-F. Nolting & H. Schiller, W. DOmer, Germany XAS studies on structure 
V.A. Sole J. Dittmer & H. Dau and function of the 

University of Marburg manganese Photosystem 
II complex 

H.-F. Nolting & B.H. Sift, F. Zippel, Germany XAS investigations of 
V.A. Sole B. Krebs, R. LOcke & purple acid phosphatase 

H. Witzel from red kidney beans 
University of MUnster and its anion complexes 

H.-F. Nolting & R. Wiesner, J. Rathmann & Germany EXAFS studies on the 
V.A. Sole H. KUhn rabbit 15-lipoxygenase 

Humboldt University, Berlin 
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125, 119-123 
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Commun.,1305-1307 

Henkel, G., MUller, A., Weissgraber, S., Buse, G., Soulimane, T., Steffens, G.C.M. & Nolting, 
H.-F. (1995). The active sites of the native cytochrome-c oxidase from bovine heart 
mitochondria: EXAFS-spectroscopic characterization of a novel homobinuclear copper center 
(CUA) and of the heterobinuclear FeaJ-Cu8 center. Angew. Chern. Int. Ed. EngL, 34, 1488-
1492 

Kratky, C., Farber, G., Gruber, K., Wilson, K., Dauter, Z., Nolting, H.-F., Konrat, R & 
Krautler, B. (1995). Accurate structural data demystify B12: high-resolution solid-state 
structure of aquocobalamin perchlorate and structure analysis of the aquocobalamin ion in 
solution. J. Am. Chem. Soc., 177,4654-4670 

Priggemeyer, S., Eggers-Borkenstein, P., Ahlers, F., Krebs, B., Henkel, G., Komer, M., 
Witzel, H., Nolting, H.-F. & Hermes, C. (1995). XAS investigations on the iron-zinc center of 
purple acid phosphatase from red kidney beans. Inorg. Chem.,34, 1445-1454 

Van der Heijdt, L.M., Schildstra, MJ., Feiters, M.e., Nolting, H.-F., Hermes, C., Veldink, 
G.A. & Vliegenthart, I.F.G. (1995). Changes in the iron coordination sphere ofFe(ll) 
lipoxygenase-l from soybeans upon binding of linoleate or oleate. Eur. 1. Biochem., 231, 186-
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Muscle 

Scientist: 

Fellows: seigio S. Funari {from 1.4. - 31. 12.1995f, Claus Czeslik (from 1.10. -

31.12.1995)·, Michael Rappolt 

Visitors: Anders AIDer (Lund), Chris Ashley (Oxford), Angela Bagni (Florence), Pavol 

Balgavy (Bratislava), Klaus Beyer (Munich), Bernhard Brenner (Hannover), Gerald Brezesinski 

(Mainz), Frank Bringezu (Halle), Georg Billdt (Jillich), Giovanni Cecchi (Florence), Claus Czeslik 

(Dortmund), Norbert Dencher (Darmstadt), Jorg Erbes (Dortmund), Peter Fratzl (Vienna), 

Akhmed Gadzhiev (Pushino), Peter Griffiths (Oxford), Hannes Jakob (Vienna), Beate Klosgen 

(Berlin), Max Koberl (MOnster), Terry Kraft (Hannover), Robert Lagerstedt (Lund), Burkhard 

Madler (Leipzig), Ralf Malessa (Dortmund), Klaus Misof (Vienna), Kaudo Ranatunga (Bristol), 

Oliver Reis (Dortmund), Jiirgen Sass (JUlich), TIme Schlichting (Dortmund), Armin Schoppe 

(MUnster), Peter Sergienko (Pushino), Ulrike Staudte (Leipzig), Bernd Struth (Mainz), Johannes 

Thimmel (Berlin), Farouk Vawda (Bristol), Alvina Vazina (Pushino), Sengen Xu (Bethesda), 

Leepo Yu (Bethesda). 

Assistant Benno-Hendrik Kunst 

Beam line Xl3 was in routine operation throughout the available beam time from March until 

December. The previously installed setup for simultaneous measurement of sma11- and wide-angle 

reflections (SAXS & W AXS) proved to be very successful in studies on model membrane 

systems. The software package SCACO for analysis of two-dimensional data on PC was extended. 

We gratefully acknowledge Prof Yonath and her group for making the Fuji image plate scanner 

available to us and collaborators who made frequent use of this system. 



A brief summary of in-house and collaborative projects follows. A more detailed description of the 

projects can be found in the HASYLAB annual report of 1995. 

In-house and collaborative projects 

X-ray diffraction study on thermaDy induced tension generation in relaxed rabbit . 
psoas muscle. (with K.W. Ranatunga & F. Vawcla, Bristol) 
Chemically skinned psoas muscle fibres immersed in relaxing solution generate tension if heated to 

about 40°C. We investigated the structural changes in the acto-myosin filament assembly 

associated with this tension generation. Equatorial, meridional and two-dimensional X-ray patterns 

were recorded from skinned muscle fibre bundles incubated in relaxing solution at different pH and 

temperatures and at different tension levels. During a temperature ramp from 5°C to 45°C tension 

is almost constant until 39°C, the onset of tension generation. At about 45°C the fibres are 

irreverSIbly damaged. The ratio of the intensities of the strongest equatorial reflections decreases 

continuously until it increases with tension generation. The increase is paralleled with a decrease in 

lattice spacing of the thick and thin filaments. The intensity of the (14.3 nmr1 meridional reflection 

shows a similar temperature dependence: upon heating from 5°C to the onset of tension 

generation at 39°C the intensity increases, during tension generation it decreases in intensity. In 

summary, the results support the idea that tension in relaxed muscle at elevated temperatures 

arises at least in part from actively cycling cross-bridges and not only from passive elements, i.e. 

titinlnebulin. 

Structure of the ripple phase of dipaimitoylphosphatidylchoJine (DPPC) 

DPPC is a major structural component of biological membranes. In aqueous dispersions it 

transforms from a lamellar gel to a modulated ripple (pp.) phase at 35°C and to a liquid 

crystalline (La) phase at 42°C. However, the structure of the ripple phase depends on the pathway 

of its formation. Upon cooling from the liquid crystalline phase a metastable (Pp,(mst» phase 

forms. X-ray diftraction patterns of both ripple phases and their respective structures are shown in 

plate MUS 1. Density maps were calculated for all pOSSIble phase combinations. A unique solution 

was found after screening all maps using the following rejection criteria: (i) absence of a bilayer 

structure, (Ii) poor bilayer continuity and (Ii) inappropriate bilayer thickness. Major differences are 



found in the modulation of the ripples (sawtooth vs. homogeneous modulation), the tilt angle of 

the aliphatic chains and the water pockets between the layers in the Pp,(mst) phase. 

PLATE MUS 1 

X-ray diffiaction patterns of the stable (PP' ) (top) and metastable (pp{mst» (bottom) ripple 

phases. The model structures with the calculated electron density maps as inserts are 

shown on the right. 

Time resolved X-ray diffraction in the C12E02/water system 

The phase diagram of C12E02/water shows two neighbouring cubic phases with the peculiarity 

that their interconversion is concentration driven over a wide range of temperatures. They are 

surrounded by an phase at the high temperature boundary and an La. at the low one. We 

investigated samples of this system in the concentration range where the cubic phases are present. 

In temperature scans from the La. phase in all cases a bicontinuous cubic Ia3d phase was found at 

lower temperature changing into a Pn3m also bicontinuous cubic at higher temperatures. The 

repeat distance of the lamellar phase at 23.S0C for different concentrations of surfactant increases 

with concentration up to a limit, -6()0/o w/w, after which it decreases sharply, reaching a constant 

value. In this region we observed that the samples dehydrate after reaching the phase. We could 

not observe the concentration driven phase transition between the cubic phases, but instead a 

temperature induced one. Moreover it was seen that the lamellar phase at high concentration of 

surfactant can absorb water, in a metastable condition, losing its excess water by temperature 

cycles into the isotropic phase. 

X-ray diffraction studies on branched-chain phospholipids with different head group 

structures and spacered ether lipids (B. Struth (Mainz), G. Brezesinski & H. Mohwald (Berlin), 

F. Bringezu, P. Nuhn & B. Rattay (Halle) and G. Rapp) 

In phospholipid/water dispersions the chemical structure of the head group takes a leading part in 

the formation of the overstructure. On the other hand a side group in the hydrophobic part of the 

bilayer perturbs the molecular packing. We studied systematically the influence of the headgroup 

structure on the phase behaviour of phospholipids with a methyl side group. The systems exhibit a 



rich variety of thennotropic phases ranging from one-dimensional lamellar, two-dimensional 

hexagonal and three-dimensional cubic. Further, the phase behaviour of spacered etherlipidlwater 

dispersions in the temperature range between 5 °C and 95°C was studied. The oxy-ethylene 

group, a typical hydrophilic unit of non-ionic suifactants, (-O-CH:z-CHr}x (with x = I and 3) was 

used as a hydrophilic spacer. At all temperatures investigated only lamellar phases were observed. 

DH-EOJ-PC a repeat distance of about 7.2 nm in the gel phase indicating that the 

introduction of the spacer leads to an opposite arrangement of the molecules in the bilayer. The 

prolongation of the EO-spacer causes an unexpected decrease of the d-value (6.5 mn). The 

behaviour of the two spacered molecules at the phase transition to the liquid-crystalline La-Phase 

is completely different. The melting of the chains causes a decrease of the lamellar spacing in the 

case of DH-E01-PC, whereas in the case of the d-value increases drastically. The 

large d-value of 9 DID could be due to an increased hydration capacity of the hydrophilic head 

group regton. 

Effect of local anaesthetic heptacaine and its homologs on DPPC bRayers (p. Balgavy 

(Bratislava) and G. Rapp) 

Hydrochlorides of [2-(alkyloxy)Phenyl]-2-(I-piperidinyl)ethy1 esters of carbamic acid (CnA, 

n=number of carbons in the a1kyloxy chain) are potent local anesthetics. The maximum biological 

activity displays the C7 A homolog heptacaine. Due to the insertion of CnA between phospholipids 

in membranes, and because of the mismatch between the CnA and lipid chains, the lipid bilayer 

should expand laterally and its thickness should change. We tested these predictions using DPPC 

model membranes. All samples containing CnA displayed a lamellar-lamellar transition :from the 4 
gel to the Lu liquid crystalline phase. At the phase transition, the intensity of the sharp W AXS 

reflection decreased and a broad reflection characteristic for the La phase appeared with maximum 

at 0.41 om-I, 0.44 nm-I and 0.45 nm-I for C3A, C7A and CI2A containing samples, respectively. 

Melting of the chains during the phase transition was paralleled by the thinning of the lamellar 

lattice as observed in the small angle (SAX) regime. All studied anesthetics decreased T c ofDPPC 

and increased the value of AT c. Its high pharmacological potency compared to its homologs and 

other anesthetics might be connected with the change of the bilayer thickness. 



The influence of water on the stability of bicontinuous cubic phases (C. Czeslik (EMBL & 

Dortmund), R. WInter (Dortmund) & G. Rapp) -We investigated the effect of water concentration on the stability of cubic phases of monoelaidin 

(ME) in excess water. In combination with density measurements it is possible to extract local 

geometric parameters of the different cubic phases, such as the packing parameter and the bilayer 

thickness. Measurements were performed at 60 0C and pressures up to 700 bar. At 58 weight-% 

water the cubic phase of space group Pn3m transforms to Ia3d at high pressure. This phase 

sequence is different to that found for samples in excess water, where Pn3m transforms to Im3m. 

A smaller number of water molecules available leads to a lower hydration of the lipid molecules. 

As a consequence, the lipid monolayer has a stronger tendency to curve towards the aqueous 

region. A further analysis of these data is underway to evaluate the cmvature elastic coefficients of 

the lipid monolayers of the different inverted bicontinuous cubic phases. 

Time-resolved X-ray diffraction studies on lipid dispersions using the pressure-jump 

relaxation technique (1. Erbes & R. Winter (Dortmund) and G. Rapp) 

Pressure-jump relaxation experiments were carried out on dispersions of monoelaidin and different 

phospholipids. Dispersions of e.g. egg-PE in excess water spontaneously form a lamellar 4 and 

La and an inverted hexagonal lin structure with increasing temperature. After a pressure-jump at 

62°C from 230 bar to 390 bar the d-spacing of the HI[ structure shifts from 6.23 om to 6.30 om in 

approximately 1 s. This shift of 0.44 nmlkbar is comparable with the pressure dependence of the 

d-spacing observed in equilibrium measurements. The d-spacing of the La phase, which is 

observed after a lag period of 250 ms, does not change in the course of the phase transformation, 

which takes about 4 s in total. The relative intensities of the Bragg peaks reveal a two-state 

process for this HnILa transition at the experimental time resolution. Depressurization experiments 



Temperature and pressure dependent X-ray diffraction studies of solutions 

(R. Malessa & R Wmter (Dortmund) and G. Rapp) 

We studied the temperature and pressure dependent denaturation process of B-Iactoglobulin (B-

Ig). In the native state at room temperature and pH = 7.4, the protein in solution mainly consists of 

dimers and tetramers. The radius of gyration Rg of a 10 % (w/w) solution of B-Ig at 20°C and 

ambient pressure, which has been determined from the Guinier-plot, is about 2.9 nm. Upon heating 

to 80°C denaturation and aggregation occurs. At 9 kbar and 23°C the scattering intensity in the 

small-angle region has changed drastically due to the pressure-induced denaturation and gel 

formation of the protein. A fractal analysis (slope of the In(I(s)) vs. In(s) plot) reveals that the 

protein gel exhibits volume fractal-like structural properties with a fractal dimension ofD = 2.7 

Gel phase separation and inrmite lamellar swelling in lipidltenside mixtures (B.Madler 

(Leipzig) and S. S. Funari & G. Rapp) 

The structure of DMPC dispersions mixed with CIA or C1zEs at excess water concentration in 

dependence of concentration and temperature was investigated at different molar fractions x=nrI(nr+nL) 

which match with diffeIent regions of the phase diagram. at x=O.35 bas a sequence of 

several lamellar phases at ascending temperature. The coexistence of a normal lamellar gel phase (Lp) 

with a lamellar repeat distance do=6.4 DIn and an interdigitated gel phase (4) with a smaller do==5.0 DIn 

at low temperature is proofed by the SAXS-measurements. The hydrophobic chain packing varies 

slightly as shown from the W AXS signal. In the case of the interdigitated gel phase the chains seem to 

be arranged on a regular hexagonal lattice with slightly better ordering (closer packing) as compared to 

the non-interdigitated gel phase. The gel phase values of do are almost independent of tenside 

conceirt:ration. An opposite effect was observed in lamellar liquid crystalline phase (k). A large increase 

of the lamellar spacing of the k-phase leads to the asswunption ofinfinite swelling caused by the strong 

affinity of the oxyethylene-groups of Cl2Es to adsorb water and therefore lead to an increased water 

layer thickness. The same behaviour was generally observed in the DMPCICuE. system. 



Elimination of chain tilts in diacyl-phosphatidylchoJine bilayers by incorporation of a 

thermotropic liquid crystal (B. Midler & U. Killmau (Leipzig) and S.S. Funari) 

Mixtures of OPPClSCB (dipahnitoyl-sn-glycero-phosphatidylcholinel4' -n-pentyl-44-cyanobiphenyl) 

were investigated to compare monolayer and bulk systems (dispersions) in the gel and liquid crystalline 

phases. W'hile the reflections in the mixture OPPC/SCB with molar ratios between 1: 10 and 2: 1 

become sharper but still remain at the repeat distances of the IameDa:r gel phase, the W AXS shows only 

a single symmetric peak at (0.412 nm)"l which indicates a phase transition from a lamellar gel structure 

with tilted acyl chains to one without hydrocarbon chain tilt. These results are in accordance with 

Brewster angle microscopy on single OPPCISCB monolayers prepared with the Langmuir-Blodgett 

technique. At SCB content of 1: 1 the lameDar repeat distance reduces drastically to less then S. 4 

while the lattice parameter of the chain packing decreases linearly with the molar fraction of SCB which 

is most likely due to partial chain interdigitation between DPPC acyl chains of two adjacent mono1ayers 

in the bilayer system. 

Phase behaviour of paimitoyl-oleoyl-phosphatidylchoJine (POPq at low water cooteDt (H. 

Pfeiffer, U. Staudte & G. Klose (Leipzig), F. Paltauf(Graz) and S.S. Funari) 

At low water content DSC-scans show an unusual broad phase transition with several melting 

peaks. Diffraction patterns for = S in a temperature range from 4.4°C to 17.3°C were 

recorded. The first order peak of the lamellar phase which exhibits the well known main phase 

transition of lipids is clearly observable. Beside the lamellar diffraction peak there are weak 

reflections disappearing at goC and 5r'C, respectively, which cannot be explained by a lamellar 

phase. The diffraction patterns for =7 show qualitatively the same behaviour but with 

different transition temperatures. It is most likely that these nonlamellar reflections originate from 

isotropic cubic phases. These results are consistent with NMR-results obtained recently. 



Static and time-resolved X-ray studies of structural changes in bacteriorhodopsin during 

the photocyde. (H. 1. Sass & G. BUldt A.D. Dencher (Darmstadt) and M.H.J. Koch & 

G. Rapp) 

The splitting of the M state into two substates is not due to the mixing of adjacent photocycle 

intennediates. Either the Ml or the M2 state is trapped under continuous illumination, depending 

on the hydration of the sample. We were able to show that the structural changes of the M state 

are actually taking place with the transition from the Ml to the M2 state. It is very likely, that the 

structural changes are essential for the vectorial proton transport across the membrane. Studies on 

the mutant L93A1D96N which displays retarded decays of the M state at pH 9.6 and of the N/O 

state at pH 4.2, respectively, show that the largest structural changes occur with the transition 

from MI to M2. With the transition to the N state these structural alterations begin to relax and 

when the N/O state has been. reached most of these changes have vanished. 

X-ray scattering investigation of the molecular mechanisms of coUagen elasticity (I<.:Misot: 

H.Jakob, K.Klaushofer & P.Fratzl (Vienna) and G. Rapp) 

Tendon collagen is characterized by pronounced viscoelastic properties and a stress-strain 

relationship where a toe region of low modulus cwves round to give a much higher modulus for 

large extensions. The changes in the equatorial scattering of collagen under controlled stress and 

strain conditions were investigated (see plate MUS2). Typically, runs were performed by cycling 

the strain up to a given value followed by stress release. On decreasing the the stress fell to 

zero long before zero strain was reached again. The data show that (i) the intensity changes of I( q) 

can be completely described by use of a Debye-Waller factor due to a random movement of the 

molecules in the equatorial plane, which is reduced with increasing strain and (ii) there is a linear 

relationship between intensity and strain. A model where thermally activated kinks in the collagen 

moleCules are removed by straining is now investigated as a possible explanation of both effects. 

There is a clear indication that the molecular tilt is considerably reduced when large tensions are 

applied, which also indicates that the main mechanism for the extension may be the reduction of 

molecular tilts rather than an axial sliding mechanism. 



PlateMUS2 

Variation of the equatorial diffuse X-ray scattering I(q) from 'preconditioned' rat tail collagen as a 

function of time, together with the corresponding cyclic variation of tensile strain. 

Time-resolved X-:ray diffraction measurements during contractions in skinned cardiac 

muscle. (A. Amer, E. Jaworowski & R. Lagerstedt (Lund) and Gert Rapp) 

Equatorial diffraction patterns from chemically skinned cardiac muscle preparations from swine 

were recorded using a linear detector at a time-resolution of 125 ms. The ratio of 1,1/1,0 was 

small in the relaxed state and increased markedly in rigor. An increase in the ratio, compared to 

the relaxed state, was also observed in contracting fibers and most likely reflects transfer of cross-

bridges from thick to thin filaments in rigor and during active contractions. Photolytic release of 

ATP from caged-ATP in the presence of calcium (pCa 4.3) resulted in a rapid contraction (rate 

about 1 S-I). This was accompanied with a fast (within < 125 ms) drop in the 1,111,0 ratio. The fast 

structural change was also observed after release of ATP at low [Ca2J although the rate of 

contraction was slower. These data suggest that the rate of detachment from rigor is sufficiently 

fast not to limit the rate of contraction. During the contraction phase, at high and low calcium, a 

second flash releasing ATP did not alter the 1,111,0 ratio suggesting that rigor cross-bridges are 

not formed during the phase afforce development at either [Ca2J. 

Time-resolved mechanical and stnlcturai studies in intact single skeletal muscle imres (C.C. 

Ashley & P. Griffiths (Oxford), A. Bagni & G. Cecchi (Florence) and G. Rapp) 

It was shown that at full actin-myosin filament overlap, axial force (developed in response to 

tetanic, electric field stimulation) was associated with a compression of the lattice, indicating the 

appearance of a compressive radial force. In the present investigations we have been able to obtain 

lattice spacing measurements at a time resolution of 250 fJ.S during (i) a step fall in axial force to 

close to zero tension (obtained by ramp shortening of the fibre at close to the velocity of unloaded 

shortening preceded by a step to cause an initial rapid discharge of force), and (ri) a step change in 

fibre length of 1 % (completed in 200 fJ.S). The results that repulsive forces acting on the 

myofilaments on the removal of radial crossbridge force are opposed by viscous forces due to the 



motion of the myofilaments in the viscous medium of the sarcoplasm. If insufficient to restore 

isometric tension completely, the quick recovery is followed by two further phases, the first a 

period of almost constant tension, the second a phase of gradual tension recovery. An exponential 

fit of the rapid lattice spacing change gave a rate Constant of639 S·1 for a release and 469 S·l for a 

stretch. The smaller spacing change resulting from a step length change may arise from the smaller 

total cell shortening, and the briefer period before the recovery of axial tension commences, as 

compared to the step axial force change experiments. 

Time-resolved investigation of muscle structure during contraction initiated by double 

stimulation (A. Vazina, P. Sergienko, A. Gadzbiev (Pushino) and B.H. Kunst &. G. Rapp) 

The muscle tension response (TR) is not a linear superposition of twitches but depends on the 

distribution of inter-pulse intervals and the frequency of pulses. The nonlinearity effect (maximum 

efficiency) is most markedly displayed upon stimulation of the muscle by a pair of pulses at short 

inter-pulse interval (dOUblet): the muscle gives ajoint TR which is several times larger than upon a 

twitch. Equatorial and meridional diffraction patterns of sartorius or semitendinosus muscle of 

Rana temporaria were recorded during activation of muscle by double stimulation with inter-pulse 

interval of 50-300 DlS. Data analysis is in progress. 

Two dimensional X-ray diffraction stndies of demembranated muscle fibers. Conformations 

of cross-bridges weakly attached to actin under relaxing conditions (S. Xu, S. Malinchik, D. 

Gilroy & L. Yu (Bethesda), T. Kraft & B. Brenner (Hannover) and G. Rapp 

Our current focus is to characterize by X-ray difli"action the structure of the cross-bridges in their 

weakly attached state. We have recorded and compared d.i:ffi"act:ion patterns from skinned rabbit 

psoas fiber bundles under relaxing and rigor conditions at various temperatures and ionic 

strengths. Under the relaxing conditions used, the fraction of weakly attached cross-bridges 

ranged between approximately 20% to 80%. Due to the high intensity and the fine focus of the X-

ray beam at X-I3 beamline, it was possible to obtain well resolved diffraction patterns with very 

weak layer lines originating from the thick and the thin filaments, particularly at low temperatures. 

Analysis of the centroid of the :first myosin layer line suggests that the layer line is a mixture of 



overlapping thick and thin filament based layer lines and their relative contribution varies with 
ionic strength, correlating with the fraction of weakly bound cross-bridges. The behaviour of the 
mixed layer line could be explained by modelling the attachment of myosin heads to specific sites 
on actin while the binding angle is variable (non-stereospecific). Therefore, one of the simplest 
explanation for such weak layer lines is that the attachment of the weakly bound cross-bridges is 
not confined to single configuration. Another evidence of non-stereospecific binding is that 
the diffuse scattering is little affected by the considerable change in the fraction of weakly bound 
cross-bridges as ionic strength is changed, suggesting that the weakly bound cross-bridges are 
disordered. 

Tune-resolved X-ray diffraction study of the temperatore-dependence of the structure of Mg-

stearate multilayers (U. Hohne & Y. Lvov (Mainz), H. Mohwald (Berlin) and MHJ Koch & G. Rapp) 

The Kiessig fringes and Bragg reflections of samples consisting of 28 monolayers ofMg-stearate were 

recorded with a time resolution of 10 s during heating scans from 25 to 62°C with a rate ofO.5°ClIIrln 

using synchrotron radiation and a linear gas detector (plate MUS3). Deposition of the Langmuir-

Blodgett films on glass tubes obviates the need for angular scanning of the samples. The multilayer 

spacing and total film thickness could thus be monitored simu1taneous1y. At 52°C a phase transition 

with coexisting initial and final states was observed. The transition is most likely due to loss of water. A 

careful peak widths analysis reveals that the multilayer loses water along defects rather than via 

diffusion through the layers. 

PiateMUS3 

(A) Diffiaction patterns of28 monolayers ofMg-stearate at 25°C (dashed line) and OOOC (solid line) 

recorded with a one-dimensional gas detector. (B) Series of diffi"action patterns taken during a 

temperature scan from 25 - 62°C. 
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Refereed publications 

Clerc M, Laggner P, Levelut A-M & G Rapp (1995) Rates of phase transformations between 
mesophases formed by a non-ionic surfactant in water: A time-resolved X-ray diffi:action study. 
Journal de Physique n France S, 901-917 

Czeslik C, Wmter R, Rapp G & K Bartels (1995) The temperature and pressure dependent phase 
behaviour of the monoacylglycerides monoolein and monoelaidin. Biophys. 1. 68, 1423-1429 

Rapp G, Dosiere M & MHJ Koch (1995) A dual detector single readout system for 
simultaneous small- (SAXS) and wide-angle (W AXS) scattering. Nucl. Instrum. Methods A 357, 
178-182 

Rapp G, Koch:MID, Hohne U, Lvov Y & H Mohwald (1995) Time-resolved X-ray diffiaction 
study of the temperature dependence of the structure of Mg-stearate multilayers. Langmuir 11, 
2348 -2351 

Published abstracts 

Griffiths P, Ashley CC, Bagni MA, Cecchi C, Maeda Y, Pelc R & G Rapp (1995) Equatorial X-
ray diffraction intensity and lattice spacing changes in intact and skinned muscle fibres. Biophys. I. 
68 (2), A67 

Klasgen B, Rapp G, Rappolt M & J Timmel (1995) The swelling of phospholipid membranes in 
excess water - a time-resolved X-ray diffraction study. Biophys. I 68 (2), A96 

Rapp G & J Davis (1995) X-ray diffraction study on thermally induced tension generation in rigor 
muscle. 1. Musc. Res. Cell Mot. 16, 155 

Rapp G, Ashley ce, Pelc R, Cecchi G, Bagni MA, Maeda Y & PI Griffiths (1995) Equatorial 
intensity changes resulting from skinning of single skeletal muscle fibres of Rona temporaria. 1. 
Physiol. 487, P154 

Tenchov B, Rappolt M & G Rapp (1995) A new lamellar gel phase induced by disaccharides in 
saturated phosphatidylethanolamines. Biophys. 1. 68 (2), A96 

Publications by visitors during the year 

Brenner B, Cbalovich 1M and LC Yu (1995) Distinct molecular processes associated with 
isometric force generation and rapid tension recovery after quick release. Biophys. I. 68: 106-111. 



Kraft T, Xu S, Brenner B and LC Yu (1995) 2D-X-ray diffiaction studies on the effect of calcimn on 
weak cross-bridge binding to actin in the presence of ATP-y-S. Biophys. 1. 68, A9 

Kraft T, Chalovich 1M, Yu LC and B Brenner (1995) Parallel inhibition of active force and relaxed 
fiber stiffiless by Caldesmon fragments at physiological ionic strength and temperature conditions: 
Additional evidence that weak cross-bridge binding to actin is an essential intermediate for force 
generation. Biophys. J. 68,2404-2418. 

Malinchik S and LC Yu (1995) Analysis of equatorial X-ray diffi'action patterns from muscle 
fibers. Biophys. 1. 68, 2023-2031. 

Other reference 

Rappolt M (1995) Zeitaufgeloste Rontgenbeugung zur Untersuchung von Phaseniibergangen an 
Modellmembranen. PhD Thesis, University Hamburg 



CoDaborations1995 

G. Rappwith 
A. Amer E. Jaworowski & R Lagerstedt University of Lund 
Time-resolved X-ray d.ifti-action studies on smooth and cardiac muscle fibers. 

G. Rappwith 
Ashely CC, P. Griffiths University of Oxford 
A. Bagni, G. Cecchi, University of Florence 
Time-resolved mechanical and structural studies in intact single skeletal muscle fibres. 

G. Rappwith 
P. Balgavy P University of Bratislava 
Effect of local anaesthetic heptacaine and its homologues on model membranes 

G. Rappwith 
C. CzesIik & R. Wmter University ofDortnnmd 
The influence of water on the stability ofbicontinuous cubic phases 

G. Rappwith 
J. Erbes & R Winter University of Dortmund 
Time-resolved X-ray diffiaction studies on lipid dispersions using the pressure-jump relaxation 
technique 

G. Rapp with 
R Malessa & R. Wmter University of Dortmund 
Temperature and pressure dependent X-ray diffraction studies of lactoglobulin solutions 

G. Rapp with 
H.J. Hinz, M. Koberl & A. Schoppe University of MUnster 
Equihbrium measurements on glycolipid model membranes at different scan rates 

G. Rappwith 
L. Yu & X. Xu NIH, Bethesda 
T.H.Kraft & B. Brenner University of Hannover 
Two-dimensional X-ray diffraction studies on skinned single muscle fibres. 

G. Rappwith 
T.H.Kraft & B. Brenner University of Hannover 
L. Yu & X. Xu NIH, Bethesda 
Studies of single contracting muscle fibres during active shortening 

G. Rapp and B.H. Kunst with 
K.W. Ranatunga & F Vawda University of Bristol 
X-ray diffraction study on thermally induced tension generation in relaxed muscle 

G. Rapp and B.H. Kunst with 
A, Vazina, A. Gadzhiev & P. Sergienko Pusbino 
Studies on muscle contraction initiated by double stimulation 



G. Rapp and S.S. Funari with 
B. Madler University of Leipzig 
Structural studies on of lipid I surfactant mixtures at excess water 

S.S. Funari with 
U. Staudte, G. Klose & H. Pfeifer University of Leipzig 
Phase behaviour of PO PC at low water content. 

G. Rappwith 
K. Misot: H. Jakob, K.Klaushofer & P .Fratzl University of Vienna 
X-ray scattering investigation of the molecular mechanisms of collagen elasticity 

G. Rapp & M.J.H. Koch with 
H.I. Sass HJ & G. Billdt KFAJUlich 
N. Dencher University of Darmstadt 
X-ray studies of structural changes in bacteriorhodopsin during the photocycle 

G. Rappwith 
G. Brezesinski & H. Mohwald MPI Berlin 
B. Struth University ofMainz 
F. Bringezu, P. Nulm University of Halle 
X-ray diffraction studies on chemically modified phospholipids 

G. Rapp and M. Rappoh with 
B. Klosgen 1. Thimmel & W. Helferich University of Berlin 
Studies on very dilute phospholipid I water systems 
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Research report 1995 

Non-crysta22ine systems 

Group 2eader: M. H. J. Koch 

Scientist: D. Svergun 

Fe220ws: C. Barberato*, S. Dev*, M. Kozin*, N. Mischenko*, V. 
V02kov*, A.Petrascu* 

Visitors: A. Bigi*, N. Bi2gin*, D. Bornauw*, C. Bou2in*, K. 
Brandenburg*, A. Braam*, J. Brinckmann*, H. Bunjes*, N. - Burkhar-
dt*, B. Denef*.I' E. Chtykova*,C. Czes2ik*,M. ChemJ.ou2*, M. 
d'Erme*, M. Dosiere*, G. Dreezen*, Z. Fang*, A. Gabrie2*, B. 
Godeeris*, L. Guidoba2di*, H. Hinrichs*, B. Hsiao*, G. Huebner, 
S. Koenig*, J. Kbazaie*, M. Ki22enberg*, S. Kuprin*, X. Lefebvr-
e*, C. Lefevre*, A. Marx*, U. Muecke*, H. Notbobm*, G. Reinecke*, 
H. Reynaers*, K. aeynders, N. Roovers*, N. Eloveri*, Z. Sayers*, 
B. Schmidt * , E. Schoenbrunn*, M. Thoe2en*. 

Assistant: P. Broui220n* 

Detai2s of some of the projects be20w can a2so be found -in the 
1995 HASYLAB Annua2 report. 

New data acquisition modu2es designed in the group of C. Bou2in 
in Heide2berq, which significantly extend the capabilities for 
time res02ved measurements, were insta22ed. They are controlled 
by upgraded versions of the programs written by F. Golding 
(Lancaster) • 

Purification and structura2 studies of yeast CU-metallothionein. 

Cu-meta2lothioneins are unstable and require anaerobic conditions 
for is02ation and Characterization. fte preparative and analyti-
cal techniques for recombinant Cu-metallothionein (1) were 
further developed and a purification procedure based on ion 
exchange chromatography fol20wed by gel fi2tration and reversed 
phase BPLC was fina2ly adopted. fte homogeneity of the prepara-
tions was documented by several ana2ytical techniques. Conditions 
were also found under which the protein is stable in the X-ray 
beam and attempts at crystallizing under anaerobic conditions 
have also been started. 

Data ana2ysis methods 

Uniqueness of shape restoration from sma12-angle scattering data 
was ana2yzed by simu2ations using -enve2opes of models parametri-
zed by spherica2 harmonics. Shape restoration was found to be 
unique and stab2e as long as the number of independent parameters 
describing the shape is less than 1.5 the number of Shannon 
channels in the data (2). 
fte programs for solid rendering and shape 



determination were to 'provide interactive 
of the shape determination process and of the shapes 

with and M.Kozin (Moscow». 

variation study of the 70S ribosome. (with N. 
Burkhardt, G. Diedrich, K. Nierhaus (HPG, V. and 
M. Kozin (Moscow), I.N. Serdyuk (Pouschino), W. Merwink, B.B. 
Stuhrmann (GKSS, Geesthacht), J.. Skov Pedersen (Risoe 

. ----Laboratory',' Roskilde)------..;..· ------------------

The of this study is to a four-phase 
of the ribosome consisting of the shapes of the RNA and 

of the protein moieties in the 50S and 30S subunits. A wide range 
of contrast is to separat'e the ten basic scattering 
functions of such a system. Sucrose X-ray contrast variation data 
from free 30S and 50S subunits and 70S 
ribosomes were combined with neutron contrast variation data from 
four types of 70S hybrid from protonated 
and deuterated subunits and with spin-dependent neutron scatter-
ing data. The 32 data sets were processed simul-

in the search for a four-phase 
which is now being refined. 

Comparison of the solution and crystal structures of Aspartate 
transcarbamylase (with L. and P. Vachette (LOBE,' Orsay) 

.Aspartate transcarbamylase (ATCase) is one of the 
of enzymes (3) consisting of two 

trimers and three regulatory dimers forming an with 
quasi-D3 symmetry. The X-ray scattering 
curves and those evaluated from the structures of the If 
and R states of ATCase were compared using the program. CRYSOL 
(4). The scattering from the structure of the T-state 
agrees with the experiment. For the R-state a good fit to 
the Curve of the R-state can only be Obtained by 
rigid body movements of the subunits in the crystal structure 

an increase in the separation between the catalytic 
trimers along the 3-fold axis of as much as 0.34 nm and 
rotation by 11 in opposite directions around the same axis; the 

dimers must be rotated by 9 around the corresponding 
axis and displaced by 0.14 nm away from the molecular 

centre along this axis (F1gure 1). 

of subunits of reductase from E. coli 
(S. Kuprin, A. Ehrenberg & A. Graeslund (Stockholm» 

Formation of the complex between the two types of subunits of 
this enzyme (Rl and R2), which plays a key role in the synthesis 
of DNA, was studied under. a variety of conditions. In contrast 

earlier reports the degree of complexation was always found 
to be unless the 1:1 mixture of the subunits was incubated 
with ATP. . .' 

. \ 



X-ray solution scattering from enolpyruvyl transferase 
(with E. Schoenbrunn (MPG, Hamburg) 'N. Amrhein (Ei'H,Zurich» 

Solution scattering indicates that very significant conformation-
al changes occur upon binding of substrate and of the inhibitor 
fosfomycin to this enzyme which catalyzes the first step of the 
biosynthesis of the bacterial cell wall. 

X-ray solution scattering on the FRS06-binding proteins Legionel-
1a pneumophila B'DP25mem . and hUJDall (with .B ........ $c::hmidt,. G •.. 
Fischer (HPG, Hal.l.e), S. Koenig (Baiie-Wittenberg) 'V. Volkov 
(Moscow) ) 

The molecular mass (-10 kDa) and radius of gyration (1.4 nm) of 
recombinant human (rh) FDP12 confirm that this prot.ein is a 
monomer. Opon binding of the peptide substra1:;e Suc-Ala-Leu-Pro-
Phe-4NA or of the agent FRS06, which is a tight 

inhibitor, to FKBP25mem or rhFKBP12 a significant 
reduction in radius of gyration is observed. Measurements on 
FDP25mem in the presence of DMSO and trifluorethanol, which 
inhibit the peptidyl-prolyl cis/trans isomerase activity, 
indicate that inhibition is not due to dissociation of the 
dimers. 

X-ray solution scattering of the subunit association behaviour of 
thiamine diphosphate (TDP) dependent oligomeric enzymes (with M. 
IUllenberg-Jabs, o. Muecke'S. Koenig (Halle-wittenberg» 

Pyruvate oxidase from lactobacillus plantarum occurs as a dimer 
in absence of its cofact.ors. Addition of either of the cofactors 
- TDP or FAD - induces the for.mation of tet.rameric holoenzyme, 
whereas metal ions alone are ineffective. 

The'recombinant homotetrameric yeast pyruvate decarboxylase 
(Poe), the product of a single gene, is less stable than the 
natural heterotetramer (6) and is already half dissociated into 
dimers at pH 7.5 corresponding t.o catalftic activity. In 
contrast, PDC from Zymomonas mobilis does not dissociate at high 
pH even when the cofactors (TDP and Kg) are not bound to the 
enzyme. 

Yeast transketolase is a homodimer which does not dissociate 
between pH 6 and 9 independently of the presence of it.s cofactors 
(TOP and Mg) • 

HIV-1 reverse transcriptase (RT) and interaction with proteinase 
(with L. Goobar-Larsson and B. Oeberg, MTC-Karolinska Institute, 
Stockholm, T. Onge and B. Strandberg, SHC, Uppsala) 

RT is responsible for. the synthesis of double stranded DNA. from 
viral which is an ob4i9atory step in virus replication. 
Calculat10ns based on last years measurements suggested biochem-
ical experiments which gave new insights on the interaction bet-



ween itT and the protease. The scattering of RT in solution was 
compared with that obtained from the crystal structure using the 
program CRYSOL' (4) . 

Struc1;ural studies on collagen (with A. Bigi and N. Roveri 
(Bologna) ) 

Lyotropic swelling of Qollagen was studied on fibers that 
were air dried after equilibration in tetramethylammonium 
chloride (TMAC1). Large amounts of water are retained by the 
reversible collagen-TMACl interaction which explain the changes 
in ther.mal stability of the protein with polyelectrolyte con-
centration. ' 

The role of the collagen in the regulation of the depositior 
and growth of mineral (apatite) crystals was studied by in vitro 
calcification experiments in an X-ray study of fish bone on 
the effect on calcification of the change in structure 01 
type I collagen during evolution. 

Structure of collagen in pathological, tissue (with J. Brinckmann 
and B. Notbohm, Lubeck) 

The low and high angle X-ray diffraction patterns from skin of 
patients with lipoder.matolysis and from normal skin were recorded 
at different degrees of stretching. Signi'ficant differences in 
the structure and superstructure -of collagen were found. 

Properties of carrageenan ,solutions and gels (with B. Denef, N. 
Mischenko & B. Iteynaers (Leuven» 

Additional measurements on dilute solutions of iota- and kappa-
carrageenan at different ionic strengths and temperatures 
made in the conditions used for DSC. The interpretation of 
previous measurements is in press.. ' 

Structure and thermal behaviour of potential lipid drug carriers 
(with B. Bunjes and It. Westesen, Jena" A. Gerke, Braunschweig) 

Simultaneous small and wide angle scattering and DSC measurements 
were made on nanoparticles from trilaurin/tristearin mixtures. 
The properties of these particles are very different from those 
of bulk material and the melting points of some of the polfDlorphs 
are more than 50 C below that of bulk material. Great caut10n is 
required when extrapolating observations on bulk l:ipids (e.g. 
phase diagrams) to the nanometer scale characteristic of many 
biological structures. ' 

X-ray scattering from hexafluoropropanol-water mixtures. (with S. 
Ituprin, A. Graeslund & A. Ehrenberg (Stockholm» , 

NMR. measurements on peptides are usually carried out in alpha-
helix inducing fluorinated alcohol/water mixtures but X-ray, 

on these systems were thwarted by the strong scatter-



ing of the solvents due to the formation of clathrate-like 
aggregates of alcohol and water and the immiscibility of the com-
ponents. A brief investigation of this phenomenon and· its 
implication for studies on peptides in solution is in press. 

X-ray solution scattering of a number of proteins was also 
and compared to .that calculated from crystal structures 

when these were avail.abl.e: thioredoxin reductase and thioredoxin 
(with S. Kuprin and A. HoJ.m.qren, Stockholm), BF-'lu/tRNA (with N. 
Bil.gin & H. Ehrenberg, Oppsa1a), Tetracycline receptor (with H. 
Hinrichs, Berlin), CysB (with It.Tyrre1l & K. Verschueren, York), 
Sigma factor (with H. Buck, London). Preliminary mesurements were 
also made an some protein-lipid-water systems (with A.H. Petras-
cu, Bucharest) and the supramol.ecul.ar structure of free l.ipid A 
from various Species was further investigated in rel.ation to its 
biological activity (with K. Brandenburg & U. Seydel (Borstel». 

Several weeks of beam time were al.10cated to the group of E. 
Mande1kow (MPG, Hamburg) for its project ·on microtubul.es and· 
associated proteins. New tests were al.so made on chromatin to 
investigate the infl.uence of poly-ADP ribosylation (H. d'Br.me , 
L. Guidobal.di (Rome». A number of projects on synthetic polymers 
(H. Dosiere et ale (Mons), Reynaers et a1. (Leuven), David et a1. 
(Brussels» requiring time resolved simultaneous recording o.f the 
small. and wide angle scattering were also pursued. 

Figure 1. Models of ATCase quaternary structure. 
catal.ytic trimers (light grey), regulatory dimers {dark grey) • 
TC?P row: view along the threefold axis (Z), middle and bottom 
rows: views al.ong one of· the twof·o1d axes (top ·view rotated 
along X-axis by 90 degrees and clockwise, 
respectively). :In each row, A and B are the crystal structures 
of the T and a states , respectively; C is the model of the 
a-state in solution. Axial unit, 2 Dm. 
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List of collaborative projects 1995 

Staff Member Collaborator Country Topic 

M.H.J. Koch K. Brandenburg & U. Seydel Germany Supramolecular structure 
Research Institute, Borstel and biological activity of 

lipid A from various sources 

M.H.J. Koch H. Bunjes & K. Westesen Germany Effect of drug loading 
Institute of Pharmaceutical on lipid nanoparticles 
Technology, Jena 

M.H.J. Koch K. Westesen & A. Gerke Germany Physicochemical properties 
Institute of Pharmaceutical of LDL and protein-free 
Technology Braunschweig lDLmodels . 

M.H.J. Koch B. Denef, N. Mischenko & Belgium Properties of carrageenan 
H. Reynaers solutions and gels 
Katholieke Universiteit Leuven 

M.H.J. Koch & S. KOnig Germany X-ray solution scattering of 
D. Svergun Martin Luther University the MIP (macrophage 

Halle Wittenberg infectivity potentiator) 
B. Schmidt, J. Rahlfeld & Germany protein from Legionella 
G.Fisher pneumophila 
MPG,Halle 

M.H.J. Koch S. Kuprin, A. Ehrenberg, Sweden Association of subunits of 
A. Graslund & R Rigler ribonucleotide reductase 
Karolinska Institute & fromE. coli 
Stockholm University 

M.HJ.Koch A. Bigi & N. Roveri Italy Influence of cOllagen 
University of Bologna structure on deposition 

and growth of apatite 
crystallites dming 
calcification 



M.HJ.Koch M.d'Erme Italy Condensation of chromatin 
La Sapienza, Rome and ADP-ribosylation 

M.H.J.Koch N. Bilgin & M. Ehrenberg Sweden Stoichiometry of complexes 
University of Uppsala between EF Tn and 

Phe-tRNA from E. coli 

M.HJ.Koch S. Kuprin & A. Holmgren Sweden Study of conformational 
Karolinska Institute transitions in thioredoxin 

reductase 

M.HJ.Koch E. Schonbrunn Genmny Solution scattering from 
MPG Hamburg enolpymvyl transferase 

M.H.J. Koch & G. Biildt Genmny Time resolved X-ray 
G. Rapp KFAJiilich diffraction during the 

N.Dencher photocycle of 
TU Darmstadt bacteri.orhodopsin 

M.H.J. Koch H. Notbohm & J. Brinckmann Genmny X-ray diffraction from. skin 
Medical University Lubeck of lipodermatosclerosis 

patients 

D. Svergun& N. Burkhardt, G. Diedrich Germany X-ray contrast variation 
M.H.J. Koch &KNierhaus study of the 70S E. coli 

MPG,Berlin ribosome 

D. Svergun M.Bnck U.K. Shape of the Sigma factor 
ICSTM London 

D. Svergun M. Kozin, V. Volkov Russia Mathematical·methods for 
Insl of Crystallography the interpretation of 
Russian Academy of Science solution scattering data 







Grenoble Outstation Research Reports 1995 
Introduction. 

The Grenoble Outstation of EMBL has the dual roles of 
pursuing research In structural molecular biology and of 
collaborating with its neighbouring international institutes. the 
Institut Laue-Langevin (ILL) and the European Synchrotron 
Radiation Facility (ESRF) in provision of respectively neutron and x-
ray facilities for visiting biologists. 

1995 saw the successful commissioning and entry into 
scheduled beam-line operation of the ESRF beamline BL19. for 
which an EMBL scientist is responsible. The beamline has been 
optimised for multi-wavelength anomalous dispersion (MAD) 
measurements on protein crystals to aid solving the crystallographic 
phase problem. Within a few weeks of first monochromatic beam. 
the first interpretable electron density map was calculated using 
MAD data from a crystal of selenomethionyl-aldolase! Since then 
several other structures have been solved by external users using 
the MAD data from BL19. attesting to the success of the conception 
and construction of the beamline. The macromolecular 
crystallography endstation of the ESRF high brilliance beamline BL4 
continues to provide the world's most intense beam for external 
user groups doing protein crystallography. One of the highlights has 
been measurements to 7 A resolution on crystals of blue-tongue 
virus cores with the remarkably large unit cell of dimensions 
a=b=1120A. c=1592A. 

On the neutron side, the highlight has been the commissioning 
of the new quasi-Laue neutron single-crystal diffractometer which 
has been built in a collaboration between EMBL and ILL. This 
instrument has been conceived to use a broad incident wavelength 
band ("quasi-Laue") to speed up data collection and will be used to 
address structural questions concerning water or specific hydrogen 
atoms in macromolecular crystals. It uses as detector image-plate 
sensitive to neutrons curved into a cylindrical form to ensure full 
coverage of the diffraction pattern. Test data have been collected on 
tetragonal lysozyme to 2.1A resolution and on concanavalin-A. 
Other developments on the instrumentation side include further 
progress on the large, rotating drum image-plate scanner which will 
be used in conjunction with a Wissenberg camera on one of the 
endstations on the future ERSF beamline BL20 for macromolecular 



crystallography, and the construction of improved multi-wire X-ray 
and neutron detectors and acquistion systems for instruments at the 
ESRF and ILL as well as the Advanced Photon Source at Argonne. 

The common theme running amongst the biologically 
orientated groups at the Outstation is an. interest in proteins 
interacting with nucleic acids, either RNA or DNA. Both the in-house 

and protein biosynthesis groups continue to have 
major research efforts on unravelling structure-function 
relationships in the family of aminoacyl-tRNA synthetases which 
specifically charge tRNAs with their cognate aminoacids. One 
highlight of 1995 is the structure determination by the multiple 
isomorphous replacement method of the crystal structure of T. 
thermophilus histidyl-tRNA synthetase complexed with histidine at 
2.7 A resolution. Others are the cloning and expression of the human 
seryl-tRNA synthetase and the cloning, over-expression and 
crystallisation of T. thermophilus asparaginyl-tRNA synthetase. Two 
other systems related to protein synthesis are also being studied. 
Good progress is being made on the crystal structure determination 
of the SRP9 and the SRP9114 heterodimer from the Alu-domain of 
the mammalian signal recognition particle, the domain responsible 
for the translation arrest activity of SRP. In addition, an 87 nt RNA 
is being prepared in quantity to be combined with SRP9114 to 
reconstitute Alu-particles for crystallistaion trials. Perhaps the most 
long-awaited and spectacular result of the year is the final solution 
of the crystal structure of the Ef-Tu:Ef-Ts complex at 2.5A 
resolution, Ef-Ts being the guanine nucleotide exhange factor for Ef-
Tu. This structure, the first of a G-protein/exchange factor complex, 
unexpectedly and puzzelingly shows a dimeric complex which is 
best denoted by Ef-Tu:(Ef-Ts)2:Ef-Tu. The structure reveals that a 
major aspect of the mechanism by which Ef-Ts promotes release of 
GDP is disruption of the magnesium binding site in Ef-Tu. 

A new group, the protein:DNA interaction group has been 
established in 1995. The aim of this group is to study, using 
crystallography as major tool, the recognition between eukaryotic 
transcription factors and their specific DNA sequences and how 
interactions between different specific and general transcription 
factors regulate transcriptional activity. The systems currently 
being studied are NF-KB P52 and Stat transcription factors. The 



virus structure group continues its work 
transciption/replication complex of influenza virus by a 
of molecular biology, biochemistry (notably chemical 

on the 
combination 
probing in 

solution of RNA-protein interactions) and electron microscopy. 
Recent results strongly suggest that, contrary to previous belief, the 
viral RNA does not form a pan-handle structure by virtue of its near 
complementary conserved 3' and 5' ends, but that the viral 
polymerase - complex, by binding to both the 3' and 5' ends keeps 
them together but not necessarily in base-paired form. 





Crystallography group 

Group leader: S. Cusack 

Scientis1s: A. Aberg, c. BerIhet-CoIaminas, B. Rasmussen, M. TukaIo 

Fellows: G. Bee, H. BeIrhaIi* • D. Bir!e, S. DoubW', S. Monaco, O. WeicheI.ieder* 

VISitors: A. Yaremchuk, J. Smi1h* 

Assistant U. Kapp 

The focus of the group is structural studies of proteins 
that interact with RNA with the aim of understanding the 
structural basis of specific RNA recognition and the function 
of particular RNA-protein complexes. The systems being 
studied are aminoacyl-tRNA synthetases and proteins from 
the mammalian signal recognition particle. 

Aminoacyl-tRNA synthetases 

A major theme of the group's activity is structural studies of 
aminoacyi-tRNA synthetases and their substrate complexes 
with the aims of understanding specificity and discrimination. 
reaction mechanisms and evolution. Despite the fact that 
crys1al structures of eleven of the twenty synthetasesare now 
known (Ousack.1995). each system is sufficiently different 
to merit individual study. Within the group we are currently 
working on five different synthetases from T.thefmophilus 
including the three systems whose tRNAs have long variable 
arms (serine. tyrosine and leucine) as weD as the lysine and 
histidine systems. In collaboration with the Leberman grouP. 
the structure is also being determined of the T.th8rmophi1us 
asparaginyi-tRNA synthetase. 

Histidyl-tRNA synthetase 

Histidyl-tRNA synthetase (HisRS) is an ex 2 class lia syn-
thetase with an N-terminal catalytic domain and sharing a 
homologous. putative tRNA anti-codon binding, C-terminal 
domain with ThrRS. ProRS and someGIyRS (Cusack, 1995). 
HisRS has a number of percularities including the occurrence 
of two unique peptides (RGLDYY and GGRVDGL) highly 
conserved in all known HisRS sequences and the uniqu;e 
feature of an extra nucleotide (G"1) at the 5' end of tRNAhis 
which makes an extra accepter stem base-pairwith 073• Fur-
thermore the mode of recognition of the class lia C-terminal 
domain for RNA is not yet known. We wish to address these 
problems by means of structure determination of HisRS and 
its substrate complexes. 

Sequencing and expression of T.thennophllus 
histidyl-tRNA synthetase 
A. Yaremchuk & M. Tukalo 

The hisS gene of T.thermophHus HisRS (H"ISRSTT) has 
been cloned and sequenced. The open reading frame of 
the hisS gene contains 1263 bp, from which the primary 
sequence of the 421 amino-acid residues comprising the 
subunitof T.thermophRus HisRS was deduced. This has been 
compared with already known sequences of HisRS from 
E.co/i, StrepIDcoccus equisimilis, yeast, human. hamster 
and C.elegans. HisRSTT is 390k identical to HisRS from 
E.coH. 42% to HisRS from SLequisimilis but only 20-23 
identical when compared with eukaryo1ic enzymes. However 
as expected, the three sequence motifs identified in class II 
aminoacyl-tRNAsynthetasesare highly conserved as are the 
two HisRS-specific peptides. LVRGLDYY and GGRVDGLV, 
between motifs 2 and 3 (see below for the role of these 
peptides). 

To obtain large amounts of HisRSTT for further studies the 
hisS gene was cloned into E.coIi using firstly the expression 
vector pETSa A heat-treated extract of E.coIi cells carrying 
the plasmid with the T.thermophHus hisS gene contained 
active synthetase but SOS gel electrophoresis showed the 
presence of two bands. one of them having srl9ht1y lower 
mobility than Wl1cf..type HisRSTT. This may be due to in-
correct termination of translation. To CJIIeI'COme this problem 
T.thermophiJus hisS gene was rec/oned in vector pET17b. 
The over-expressed HisRSlT was purified by heat1reatment 
followed by two ion-exchange chromatography steps. The 
final product was indistinguishable from wild-type HisRSTT 
and is being used in crystallization experiments. 

Crystal SInIc:ture of histidyl-tRNA synthetase 
from T.thetmophilus 
A. Aberg. A. Yaremchuk, M. Tukalo & S. CUsack 

Crystals of both HJsRS in complex with histidine and in 
complex with tRNAtis have been obtained (Yaremchuk et al., 
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1995). A native data set was collected on a single flash-frozen 
crys1aI of the HisRSlhistidine complex at BL4 ESRF. Thedala 
is complete to 2.7 A resolution with an RSJfR on intensities of 
5%. The crystals belong to the orthorhombic space group 
P21212 with cell cfanensions a = 174 A, b = 214 A. c =49A 
and there are two complete almers in the asymmetric unit. 

Data on four useful heavy atom derivatives were collected 
on BL4. ESRF. The MIR phases, caJculated with the four 
derivatives had an overall mean figure of merit of 0.62 for 
the centric reflections and 0.40 for the acentric for data in 
the resolution range 20-3 A. The characteristic fJ -sheet of 
the class II synthetase catalytic domain could immediately 
be seen in the solvent flattened 3 A map. Averaging of the 
density corresponding to the four-fold non-crystallographic 
symmetry in the asymmetric unit leclto an excellent map in 
which the whole chain could be traced. The structure was 
built using 0 and refined with X-plor. In the early stage of 
refinement strict non-crystallographic constaints were used. 
this was replaced by non-crystaJlographic restraints as the 
model improved. The final model shows good stereochem-
istry with an overall R = 21% and Rfree = 28.5% for all data 
between 20-2.7 A. 

The monomer of H"ISRSTT contains three domains (plate 
1) and is closely similar to the already published structure 
of HisRS from E. coO (Amez at aL, 1995). The N-tenninaJ 
catalytic domain is based around a six-stranded antiparaJlel 
{J-sheet common to all cJass II synthetases. The 100 residue 
C-terminal alp domain, so far only found in HisRS {Amez at 
a1., 1995} and G/yRS (logan lilt aJ., 1996) is almost certainly 
involved in recognizing and binding the antH:ocIon stem-loop 
of tRNAhis • This domain is connected to the catalytic domain 
by a single extended strand; in the dimer. the C-terminal of 
one subunit is packed exclusively against the calaIytic d0-
main of the other subunit. In the N-terminal domain between 
motif II and III there is an a -helical "insertion-domain of about 
100 residues. It is positioned above the cata/ytic domain in a 
way suggesting that it could interact with the tRNA acceptor 
stem. 

The crystal structure has been determined in the presence of 
histidine and also, after soaking the crystaJs with Mg2+-AlP, 
histidyl-adenyJate. The substrate histidine is deeply buried 
in a pocket in the active site satisfying the requirements 
of shape and elec:lrostatic complementary as well as the 
hydrogen bonding capacity of the imidazole ring. The pocket 
forming active site residues come principally from motif 2 
and two short peptides which are absolutely conserved in 
all known HisRSs, 259-RGLDYV-264and 284-GGRYD-288. 
All three highrlghted tyrosines are involved with histidine 
binding. The first of these peptides forms an extended 
loop over the histidine binding site unlike that found in 
other cJass II synthetases. Tyrosine-264 hydrogen bonds 
to the imidazole ring and also the highrlghted arginine-259 
which in tum interacts directly with the a-phosphate of the 
histiclyl-adenylate. This arginine interaction appears to be 
unique to HisRS and together with the absence of a normally 
conserved acidic residue that binds magnesium in AspRS 
and SerRS suggests that the cfJValent cation site in HisRS 
is either absent or differently situated from other class II 
synthetases. 
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PLATE 1 

Overall view of the S1tUCILBe of cne subJnit of I1hennophiIus 
histidyl-tRNA synthetase shewing the N-terminaI catalytic dcmain 
(with his1icine bound in the active site) ancI1he C-tenninal puUIIive 
anti-codon reccgniIion cIcmain. 

Studies on the I'8CO!Jnition of fRN.ASf!t acceptDr 
stem by the motif Rioop of T.thermophllus 
and Eo coO seryJ.tRNA synthefase 
M. Tukalo, A Yaremchuk, G. Bee & S. Cusack 

The specific recognition of cognate tRNAser by seryl-tRNA 
synthetase depends principally on the mutual interaction of 
the helical arm of the synthetase with the long variable arm 
of the tRNA (Biou at aJ., 1994, Sampson & Sales, 1993, 
Asahara et aL, 1994, Borel et aL, 1994). The importance for 
specificity of the interactiorJS between the synthetase active 
site region and the acceptor stem of the tRNAS8r is somewhat 
less clear. Recently the low temperature crystal structure of 
the ternary complex of T.therrnophi/US seryl-tRNAsynthetase 
withtRNAser(GGA) and aseryl-adenylate analogue has been 
determined which reveals for the first time the interactions 
between the motif 2 loop of the synthetase within the major 
groove of the !RNA acceptorstem (Research reports, 1994 & 
Cusack lilt aJ., 1996). The new structure further reveals thai, 
upon 1RNA binding, the motif 2 loop takes up a completely 
new conformation compared to that observed when only ATP 
or seryl-adenyJate is bound. In this new conformation certain 
residues that have been previously observed interacling with 
ATP or seryJ-adenyl:ate switch to interact with the !RNA. 
This result sheds further light on the struc:turaI dynamics of 
the overaD aminoacylation reaction in class II synthetases 
by revealing a mechanism which may promote an ordered 
passage through the activation and transfer steps. 



To investigate these interactions further, various mutants of 
tRNA5er as weD as T.thermophilus seryI-tRNA synthetase 
were constructed. Each 1RNA mutant was prepared from 
a plasmid carrying the normal tRNAser(GGA) sequence 
with T7 promoter and 2 synthetic primers, by mutation by 
the polymerase chain reaction. The kinetic parameters of 
aminoacylation were determined at &SOC for some of the pu-
rified mutants. These results, shown in Table 1, demonstrate 
only small effects of mutation in the acceptor stem oftRNAS« 
on the specificity of recognition in terms of Vmax/J<m. However 
much laJger effects on Vmax are observed for the mutations 
G2C71 and with reductions of 
respectively 6- and 10.f01d. 

Table 1 

Kinetic parama18rs of amlnoacylatlon 
of tRNAser2 1ranscrlpts by 

T.tIJermophilusSerRS 

Transcripts J<m Vmax Vmax/J<m 
(pM) fpmollmin (relative) 

permg) 

tRNAWT 4.39 6.79 1.0 

tRNA(A73) 3.36 S.14 0.99 
tRNA(A 1 U72) 1.3 1.91 0.95 

tRNA(C2G71 ) 1.02 1.1 0.69 
tRNA(G2U71 ) 2.29 2.92 0.83 

tRNA(C4G69) 0.82 0.7 0.55 
tRNA(USA68) 3.17 4.34 0.88 

These results are in agreement with the crystallographic 
data (Cusack et aL, 1996). The interaction of the motif 2 
loop (notably the carbonyJ.oxygen of Phe-282 and the side-
chain of Ser-261) with 2-71 base-pair clearly favours the 
occurrence of G2oC71 base-pair. The ring-ring hydrophobic 
interaction between Phe-262 and bases Cyt-69 and Uri-68 
explains the preference in these positions for bases on the 
3' strand of the acceptor stem. AnaIgous results have been 
obtained in the E. coli system by Saks and Sampson (1996), 
who however studied aminoacylation of mutant minihelices of 
tRNAser (Le. acceptor stem only), thus making the assay for 
specificity more sensitive by removing the dominating effect 
of thetRNA long variable arm interacting with the synthetase. 

To further test understanding of the tRNA acceptor stem inter-
actions with class II synthetases, attempts have been made 
to switch specificitY by making compensating changes in the 
motif 2 loop and acceptor stem of seryl-tRNA synthetase 
and tRNAS8r respectively. In the T.thermophilus system the 
ThrRS motif 2 loop and tRNAthr acceptor stem have been 
substituted. In the E. coli system, beth the yeast SerRS 
motif 2 loop and yeasttRNAser acceptorstem and the ProRS 
motif 2 loop and tRNApro acceptDr stem (which contains 

disfavoured by $erRS) have been substituted. The 
effects of these changes on aminoacylation with serine are 
currently being determined. 

LysyI-and asparaginyI-tRNA synthetases 

LysyI-tRNA synthetase (LysRS) and asparaginyJ-tRNA syn-
thetase (AsnRS) are both members of class lib synthetases 
along with AspRS. CrystaJ structures of various AspRS and 
LysRS enzymes are known including thetRNA complex (see 
below). These three homologous synthetases have a large 
C-terminal class II catalytic domain and a smaller ,B-barrel 
N.:terminal domain which is responstie for specific 1RNA 
anticodon recognition. 

Complex ofT.thennophilus tysyl-tRNA synthetase, 
tRNAtts and an analogue of Iysyl-adenyltlte 
A. Yaremchuk. M. Tukab & S. Cusack 

Last year we described the crystal structure of the complex 
of T.thermophi/us LysRS (LysRSTT) and E.colitRNAiys. This 
complex forms tetragonal crystals and the structure has now 
been refined using all data between 12-2.75 A resolution 10 
an R..factorof 18.9% eRne = 22.7%) with solvent correction 
as implemeted in XPlOR. We now report the crystallization 
of the ternary complex of LysRSTT with E.coIi tRNAlltS 
and the stable sulphamoyl-analogue of Iysyl-adenylate (Lys-
AMS) which was synthesized by Brian Sproat and Barbre 
Beijer while they were stiD at EMBL. These crystals are 
obtained using similar conditions as for the crystaDization 
of complex of lysRS'TT and tRNAiys (Yaramchuk st aJ., 
1995), but they iorm hexagonal instead of square prisms 
and belong 10 the trigonal space group P3121 with unit ceD 
parameters a = b = 148A, c = 128A. Unfortunately these 
crystals diffract weakly and data to only 3.8 A resolution have 
been measured on a single frozen crystal at the ESRF. The 
structure has been determined by molecular replacement 
and has been refined by rigid-body refinement Despite the 
relatively modest resolution, strong positive density clearly 
indicating the conformation of Lys-AMS in the active site is 
observed (plate 2). The binding of the analogue induces 
significant re-orientations of several of the active site bops 
and the entire insertion domain rotates by about 6 degrees. 
AD these conformational changes have the effect of closing 
up the active site around the bound lys-AMS molecule and 
probably account for the different crystal form. Significant 
conformational changes upon amino-acid binding were nat 
observed in the case of AspRS or $erRS, but appearto be 
the case for HisRS (which has only been crystaJIized in the 
presence of histidine, see above) and LysRS. 

Recognition oftRNAtts by T.thermophllus 
IysyI-tRNA synthetase 
M. Tukalo & A. Yaremchuk 

The modified bases of E.coJi tRNAtts are important in 
recognition by E.co6 LysRS (lysRSEC) since unmodified 
transc:r1:rts show a 14O-fo1d reduced lysine charging ac-
tivity compared 10 wild-type tRNA (Tamura et aL, 1992). 
Which of the ten modifications is involved is not clear. A 
possible candidate is the 5-methylaminomethyI-2-thiouricfme 
(mnmSs2u) at the wobble position 34 of the antic:ocIon. The 
crystallographic results on the crystal structure of LysRSlT 
in complex with E.coli 1RNAiys. show that the backbone 
conformation of the tRNA anticodon loop is generally rather 
similar in the LysRS and AspRS complexes except in the 
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region of1he wobble base 34 (see Research Report, 1994). 
To understand the col1tl"bJtion of modified wobble base of 

to recognition by LysRS, the following experiments 
were carried out. Using the transcript of £COli tRNAly$ 
synthesized using the genetic construction described in the 
1994 Research Report, it was found that, as in the case 
of LysRSEC, LysRSTT shows a large (100-tb1d) reduction 
of Vmax for the transcript in comparision with native £COli 
tRNAly$. Upon chemical dethiolation of \¥iJd-type E.coli tRNA 
with HA (which should convert mnmSs2lJs4 to mnmSUa4) 
a 50% drop in activity is observed. A mutant transcript of 
E.colitRNAly$, with the normal UUU-34 anticodon converted 
to the other lysine anticodon UUc-34 (which is in fact the 
majority isoacceptDr in T.thermophilus), surprisingly shows 
much higher aminoacylation activity then the of 
native E.coli tRNAlys and is much closer to that of fully mod-
ified native E.coli tRNAlys. Purification of the mutant forms 
of E.coli tRNAIy$ for crystalrlzation experiments is now in 
progress. A synthetic gene for T.thermophilustRNAly$ under 
the control of the T7 promoter was constructed and inserted 
into a pSP64 plasmid vector. Transcripts of T.thermophiIus 
tRNAIy$, which contains cytosine in the wobble position of the 
anticodon (i.e. UUc-34) has a high level of aminoaeyJation, 
corresponding to 75% of fully modified native T.thermophilus 
tRNAIy$. 

Crystal structure of yeast Iysyl-tRNA synthetase 
S. Monaco & S. Cusack with P. Kierjan & 
M. Mirande (Gif-sur-Yvette) 

Lower eukaryotic synthetases often possess a polypeptide 
extension. dispensible for aminoacylation, compared to cor-
responding prokaryotic enzymes which confer 1I1e abirlly to 
bind to poiyanions. In the case of yeast LysRS there is an 
N-terminaJ extension of about 60 residues which includes 
a Iysine-rich region that is proposed to adopt a helical 
conformation. We aim 10 obtain more detailed information 
on the conformation of the N-terminaJ region to further 
understanding its as yet unknown role. 

Crystals of yeast LysRS. worked on initially by P. Kierjan. 
M. Mirande and C. Zeiwer, have been reproduced using 
PEG 8000 as precipitant They are of space-group P3121 
with celklimensions a = b = 117.9A, c = 190.4A. Data 
has been measured on a single frozen crystal on BL 19 
at the ESRF but is unfortunately highly anisotropic (3.5 A 
resolution in c-direc:tion and 4.5 A in perpendicular direction). 
Nevertheless a convincing molecular replacement solution 
has been found using AMORE and LysRSTI as search 
model The solution has good packing and the molecular 
dimer axis coincident with a crystallographic 2..fo1d. 

CrystaI.slrUc1Ure of aspal'llgInyURNA synthetase 
from ThetIJXIs thermophlJus 
C. Berthet & S. Cusack with L Seignovert & R. Leberman 

Cloning. sequencing, over-expression and crystalrJZation of 
the AsnRSlT was clone by Laurence Seignovert in Reuben 
Leberman's group (see Leberman group report). Two differ-
ent crystal forms were obtained and characterized. The first 
form belongs 10 P4s212 with ceO parameters a = b = 83.8 A 
c = 168.3 A and diffracts to about 3 A resolution. A complete 
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data set has been collected on beam line B1.3 at ESRF 
on native crystals frozen 10 100 K in the presence of 30% 
glycerol (Rmerge = 6.2% ). The second form bebngs to 
P6.,22with ceO parameters being a =b = 124.7 Ac= 122A 
and diffracts 10 at least 2.8 A resolution. A 98.7% complete 
data set to 2.8 A resolution has been collected on beam 6ne 
BL 19 at ESRF using a frozen crystal crycprotected with 30% 

. glycerol. 

Molecular replacement has been performed with AMORE on 
both crys1a1 forms of AsnRS using various starting models 
based on the known LysRS and AspRS structures. In both 
cases a significant solution was iound with good packing . 
and with the molecular dimer axis coinciding with a crystal-
lographic 2-fold axis, although the correlation was rather bw 
(16%). The initial AMORE solution was improved using rigid 
body refinement in XPLOR which permitted determination of 
the correct orientation of the N-terminal domain. In the case 
of the hexagonal form. the correctness of 1I1e solution has 
been confirmed with a samarium derivative, which reveaJs (as 
in the case of the homologous AspRSand LysRS) one bound 
sm3+ very close to the putative active magnesium binding 
site. Combining the phases obtained from the samarium 
derivative and the molecular replacement solution and aver-
aging between the two crysta/forms has greatly improved the 
quality of the density maps. A 70% complete AsnRS model 
has been built and partially refined but may require further 
derivatives to permit complete structure determination. 

Crysta/llzation, cloning and sequencing of 
T.thetmophUus IeucyURNA synthetase 
A. Yaremchuk. O. Kharchenko (I<iev). A. Aberg 
&M.Tukab 

CrystaQization triaJs on native T.thermophilus leucyl-tRNA 
synthetase and with leucine and ATP have been con-
tinued using the hanging-drop vapour diffusion method. 
Tetragonal crystals of leucyl-tRNA synthetase are repro-
ducibly obtainable and those co-crystaIlized which have the 
same space group (1422 or equivalent) and ceO parameters 
(a = b = 307.8 A. c = 99.3 A) as for crystals of leucyl-tRNA 
synthetase abne (see 1993 Research Report). The crystals 
diffract X-rays weakly to at least 4 A using synchrotron 
radiation at 1he ESRF, but are very radiation sensitive. It has 
not yet been possible 10 find reproducible cryo-concfdions. 
However one crystal grown in the presence of glycerol was 
successfully frozen and found 10 be of space-group 1222 (or 
equivalent) with ceO annensions a = 285.1 A, b = 311.0 A, 
c = 98.7 A. A 50% complete data set was collected 10 4 A 
resolution before crystal decay. 

The N-terminal sequence of the T.thermophius IeucyI-tRNA 
synthetase and a conservative mo'Iif WDAFG found in other 
leucyI-tRNA synthetases were used to define two oligonu-
cleotides for the PCR. A 270 bp fragment was obtained 
by PCR and used as probe for Southem blot hybrirflZalion 
of T.thermophilus chromosomal DNA. This probe gave a 
positive signal with several restriction fragments. A mini-gene 
bank was constructed containing a chromosomal DNA frag-
ment of about 2.3 Kb generated by BamHI digestion using 
pUC19 as vector. Using the 270 bp PCR fragment as probe 
we identified a clone containing 35% of the IeuS gene. The 



amino-ecid sequences so far obtained show 40% identity 
with the E.coIi enzyme. 

CrytItaIlizlltion ofT.Ihermoph1lU$ 
."."".,.. and lis comp_ wIIh fRNIJf 
A. Yaremchuk, S. Cusack & M. Tukab 

TyrasyI-tRNA synthetase (TyrRS) is an CI2 dineric class I 
synthetase. StrueturaI data exists on thetyrasine and tyrosyI-
adenylale complexes for Bacillus stearothermophi 1YrRS 
(Brick & Blow 1987. Brick et aJ.. 1988). but no strucIUraI infor-
mation is available on the putative anti-codon binding domain 
as in the crystaJs 100 residu..es of the c.terminal domain 
are alSOl'dered. Nor is there artf crystallographic data on the 
complex with tRNAlfr, which is one of the three long variable 
ann tRNAs. Only one structure of a class I aminoacyl-tRNA 
synthetase in complex with its !RNA has been pubrlShed so 
far, !hat of glutaminyl-1RNA synthetase: tRNA9I" and there 
is good reason to berl8V81hat in the TyrRS case, the lANA 
recognition is significantly diffenmt (BedouaIIe et aJ.. 1993). 
TyrRS has been purifted fIom T.thetmopbius and crysta1-
lized, alone as weD as with its cognate 1RNA1¥' using the 
vapor diffusion method with ammonium sulphate as precipi-
tant. CrystaJs of the uncomplexecl enzyme are orthorhombic 
and belong to the space group 1222 (or equivalent) with 
ceO parameters a = 141.1 A, b = 74.6 A, c = 125.1 A. They 
cfJflrac:t to at least 3 A and a complete native data set has 
been collected on a single frazen crystaJ on BL 19 at the 
ESRF. CtystaIs of TyrRS in complex with tRNAtrr are of 
orthorhombic space group 1222 (or equivalent) with unit ceD 
dimensions a = 143 A, b = 173 A, c = 420 A. They are long 
thin prisms and diffract to about 6 A on a rotating anode 
source. 

The AJu domain of the mammalian signal 
recognition particle (SRP) 
A. Aberg, D. Birse, K. Brown, S. Ooublie*. 
u. Kapp, O. Weichenreider & s. Cusack 
with K. Strub (Geneva) 

The mammarl8n signal recognition particle (SAP) is a cy-
toplasmic ribonucleoprotein (RNP) that plays an essential 
role in sorting proteins to the endoplasmic reticulum. SAP 
recognizes and binds to the signal sequence of the nascent 
chain as it emerges from the ribosome. This interaction 
triggers a pause in the synthesis of the polypeptide chain and 
the ribosome-nascent chain-sRP complex is then targeted 
to the endoplasmic reticulum (ER) via the interaction of 
SRP with its receptor. Protein synthesis is resumed and the 
nascent chain engages it the actual translocation process. 
SRP is not restricted to eukaryotes; SRP-relalad particles 
and SRP-receptor-related molecules are found ubiquilDusIy 
and may function in protein translocation in fN8r/ Jiving 
organism. 

MammaBan SRP is composed of a SOD nucIeotide-iong RNA 
molecule (SRP RNA), two heterodimeric protein subunits 
(SRP68I72 and SRP9I14) and two monomeric polypeptides 
(SRP54 and SRP19). The SRP RNA links two enzymati-
cally separable domains: the A1u domain consists of the 
heterodimer SRP9I14 bound to the sequences at the 5'- and 

extreme 3'-end of the RNA that are homologous to the Alu 
family of repetitive human DNA sequences. The S domain 
conlains the remaining proteins bound 10 the central RNA 
sequences. Whereasthe S domain is sufficient for the signal 
recognition and targeting functions of SAP, the AIu domain is 
essential to mediate the pause in the translation of secretory 
proteins. OUr aim is to obtain high rasoIution structural 
information on the AIu domain to further understanding of 
the mechanism of trcmsIation arrest. 

Crystal sfrrIt:IuIe ofSRPIJ 
K. Brown, A. Aberg, U. Kapp. 
S. DoubIi6* & A. Thompson 

Crystals of murine SRP9 (86 residues) have been obtained 
using either 28% PEG 8000 or 28% ammonium sulphate as 
precipitant (see 1994 Research Report). The cell dimensions 
are consistent a = b= 63 A, c= 111.5 Abutthe space-gtOups 
are respectively and with one or 
two molecules per asymmetric unit respectively. Complete 
native data 10 2.8 A and 2.3 A resolution respectively has 
been measured on frozen crys1aIs. A good quality MAD 
data set at four wavelengths has been coDecled on BL19 at 
the ESRF on P3,21JP3z21 crysIaIs of the seIeno-melhionyJ 
protein. However it has not yet been possible to solve the 
Pattersons to find the eight selenium sites. NumeIOUS at-
tempts have been made at obtaining heavy aIDm derivatives 
again so far without success due 10 either disorder, non-
isomorphism or space-groupswitches.1t is currently believed 
thatthe non-isomorphism and/or space-groupvariabtTIly may 
be due to a variable orientatiotl of a non<rystalographic 
2-fold close to a crystallographic 3-foId possibly aggravated 
by twinning. 

Crystal sfI'UcIIIJ'e of SRP9I1411e1stotJimer 
D. Birse, U. Kapp & A. Aberg 

For the functional and structural analysis of the SRP9/14 
heterocfmer, a fusion protein (SRP4»1419) has been c0n-
structed (Bovia et aJ., 1994). This is a single polypeptide, 
wei over4Cpressed in E.co1i, which binds specirrcaDyto SRP 
A1u-RNA with high affinity and which functions in elongation 
arrest and release of elongation arrest activiIies of the parIicIe 
with the same activity as the native SRP9114 heterodimer. 
The SRP614J9 gene COI'I1ains the entire SRP14 and SRPS 
coding regions fm that order) preceecled by the amino-acid 
sequence MASMTGGQQMGRIPGNSPR and joined by a 
17 amino-acicl inker containing the weD characterized epi-
tope of the human myc protein (-EOKIJSEED.). 

Crystals of SFlP4t1419 can now be grown repruductiy. They 
are of a tetragonal space group e.g. P422 with unit cell 
dimensions a = b = 69.7 A. c = 95.7 A and diffract to 
about 2.3 A resolution. This is consistent with one molecule 
of SRP4t14J9 per asymmetric unit (Vm = 2.28 A8IDa and 
solvent content of 46%). A complete native data set to 2.8 A 
was coUected on BL 19 at the ESRF. The overaD Rmerge of 
intensities was 7.0%, with a redundancyof 5.5. A heavy-atom 
derivative search is uncler wt!tI as weD as the production of 
selenomethionine containing protein for MAD experiments. 

Genelation IIIId purIIIcatJon 01 
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A/U fragments of SRP RNA 
O. Weichenrieder 

The dissociation constant (appKcs) fer canine SRP9114 and 
synthetic canine SRP RNA is estimated to be in the sui> 
nanomolar range (Janiak et aJ., 1992). This promoted us to 
try the crystallization of a complete SRP AJu domain, i.e. 
to co-crystaIJize the mouse fusion protein SRP419114 with 
suitable fragments of in vitm transcribed canine SRP RNA. 
In collaboration with Dr. K Strub, University of Geneva. 
various RNA constructs were· generated by in vitro run-
off transcription with 17 RNA polymerase from fineari:zed 
pSP64 plasmid vectors and were subsequently puriied by 
denaturing polyacrylamide gel electrophoresis (pAGE). Their 
affinity fer the SRP9114 fusion protein was compared by 
nitrocellulose filter binding and a 87 nuc:leoticle-long RNA 
that shortcuts the helical stem linking the Alu and S domain 
of SRP RNA by a stabiflzing tetraJoop was selected fer the 
generation of an artificiaJ A1u RNP. Heterogeneity in the 
lengths of the in vitro transcripts at the 3' -end required a 
purification with nucleotide resolution. For achieving this on 
a milligram scale the capacity of polyacrylamide gels turned 
out to be too low, however. To solve this problem a new 
plasmid was constructed that gives rise to an extended initial 
RNA transcript with a sequence at its 3' -end that can fold 
into a "hammerhead- ribozyme which auto-cIeaves ilself off 
at a precise position (price et aJ., 1994). It leaves behind a 
86 nucleotide-long AJu-RNA with a precise 3'-end. This RNA 
is now avaiJable in milligram amounts forthe reconstitution of 
A1u particles and crystalrlzation trials. 

Crystal structure of the E.coli EF-Tu.EF-Ts 
at 2.5 A resolution 
T. Kawashima. C. Berthet-Colominas, S. Cusack & 
R. Leberman with M. Wulff (ESRF) 

EF-Ts is the nucleotide exchange factor required to promote 
release of.1ightly bound GOP from EF-Tu and rebinding of 
GTP during the elongation cycle of protein biosynthesis. 
The crystal structure of the complex between the two EcoB 
elongation factors EF-Tu and EF-Ts has been finally solved 
and refined at 2.5 A resolution (Kawashima et aJ., 1996). 
One native, one lead and one mercury derivative dataset 
collected at 110 K on BLa at ESRF were used together 
with non-crystaJlographic 2-fold averaging. The complete 
structure consists of a caner of the EF-Tu.EF-Ts complex and 
is best described by the formula 2EF-Tu.[EF-Ts12, since the 
major interface between the monomers is between the two 
EF-Ts and one EF-Tu bindsprincipaJlyto one EF-Ts (plate 2). 
It was rather a surprise, even if two complexes were expected 
in the asymmetric unit, since no dimer has ever been reported 
for either the E.c06 EF-Ts or the Tu-Ts complex. EF-Ts 
is an elongated molecule spanning the nucleotide binding 
domain 1 of EF-Tu and the tip of domain 3. The EF-Ts 
monomer features a he6cal hairpin protruding from the core 
of the structure responsible for dimerization and an internal 
pseudo 2-fold axis. 

The conformation of the EF-Ts bound form of EF-Tu is 
much more close to that feund in the EF-Tu.GDP complex 
than that of the EF-Tu.GMPPNP complex. Based on the 
detailed comparison between the EF-Ts-boundform of EF-Tu 
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and the already available EF-Tu.GDP complex structure, 
a mechanism for the release of the nucleotide can be 
proposed (plate 3). The alteration of the nucleotide binding 
site Cmcludingthe GxxxxKTIS, NKxD and SALIK motifs) upon 
binding to EF-Ts is only subtle. On the other hand, a major 
change is observed at the magnesium binding level By 
means of a conserved ETDF motif, EF-Ts drives a wedge 
into EF-Tu, shifting heix B of EF-Tu in its carboxy4erminal 
direction by one heflCal tum. This rigid-body movement 
induced by the nucleotide release factor displaces the loop 
of EF-Tu immediately upstream comprising the DxxG motif 
away from the nucleotide binding site. The first three residues 
of the motif being involved in the stabllZation of water 
molecules coordinating the ion in the EF-Tu.GDP structure, 
their displacement results in the disruption of the magnesium 
cooramation and thereby the affinity fer the nucleotide is 
decreased. 

The ESRF high brilliance beamline, BL4 
a Rasmussen, A. Aberg, J.-M. Bois, L CIaustre, 
F. Felisaz & D. Pognant with P. BOsecke, E. M'rtcheD, 
J. Shaw, J. Gerine & O. Diat (ESRF) 

Beamfme 4 (BL4), the "high bnlliance- beamfme at the 
ESRF, has had its first fuJI year of operation, having been 
commissioned in September 1994. The beamtime is shared 
equally between a smaJl-angle scattering endstation and the 
bio-crystaJlography endstation, the latter being underthe re-
sponsibirlty of EMBL AD opticaJ elements of the beamline are 
now in routine reflable operation and one of two undulators 
may be selected. During 1995 the second 26 mm period 
undulator was installed which produces considerably higher 
flux at 1 A well suited for most crystallographic experiments. 
The biocrystallographic end-station reached its final state 
with the installation of the Huber 5-circJe diffractometer, 
which after commissioning performed in accordance with 
specifications. This includes a 1 m detector arm which 
permits resolution of very closely spaced diffraction spots 
from very large unit ceUs. Furthermore the arm can be swung 
out permitting access to higher resolution data even at long 
detector distances. Most experiments in 1995 were carried 
out using a 300 mm MAR on-line image-plate scanner, pre-
viously bought out of the EU Aa::ess to Large Scale Facilities 
grant. permanently installed on the goniometer. However a 
series of commissioning experiments using the ESRF X-ray 
image intensifier I ceo detector system were performed 
satisfactorily. Two crycH:OOIing systems (Oxford Instruments 
Cryostream at 100 K in a fixed tube configuration and a 
co-axial FTS system which can reach down 10 -200 0), both 
previously bought out of 'the EU grant. were adapted to 'the 
goniostat and are routinely used and easily interchangeable. 
New software for a rational data collection strategy using 
the goniostat is under development. The aim is to use the 
goniometer to its full capacity and maximize data collection 
efficiency. The software Will use a graphical user interface 
to allow smooth operation. Improved visualization of smaD 
crystals mounted in cryo-Joops is being constructed. 

BL4 at the ESRF pn:Mdes still the most brilliant X-ray 
source for protein crystallography anywhere in the world. 
The combination of high intensity, lack of beam divergence 
and small beam size give an ideal source for performing 



challenging measurements on weakly diffracting crystals. in 
particular those that are small in volume or have very large 
unitceDs. 

Two user projec:ls have been chosen as examples illustrating 
the success of BL4 as applied 10 aystaIs with very large unit 
caDs. A group from Oxford University. U.K. (0. Stuart fit aLl 
coBected data on Bluetongue virus type 10 core particles 
and on polio virus Sabin1-CD4 chimera using the EMBL 
300 mm MAR on-line image-plate scanner permanently 
installed on the 5-circle goniometer. The good qualty data 
obtained from these systems both with exceptionaBy lalge 
unit cell (which currently could not have been collected 
elsewhere) illustrates the tremendous potential of BL4 for 
macromolecular crystallography. 

In the case of crystals of the poI"lO virus Sabinl-CD4 chimera, 
data have been measured 10 about 2.4 A the space group 
being P3, 21, with cell dimesions a = b = 3IJ7 A; c = 752 A. 
The Bluetongue virus 10 core particles were suc-
cessfully characterized at BL4 for the first time and were 
found 10 have a tetragonal space group (P4t211) with ceO 
dimensions: a = b = 1120 A; c= 1592 A. Diffraction data were 
collected using a crystaI-1D-scanner distance of 1050 mm. 
Beam-parameter used were:.a = 1.0 A and a 50 mm 
square-beam. A typical image Cl A data at the edge) with 
an exposure time of 3IJ seconds is shown in Plate 4. Test 
experiments and data evaluation showed 1hat the crystals 
diffracted 10 even higher resolution. Initial data processing 
whilst at the ESRF looked very promising and the group has 
now solved the structure from the data colleded. 
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Table 2 
Scheduled experiments perfDrmed by user groups on the 

protein crystallography encktation of BL4 
Gamblin, S. et aJ. ZBP14 Zinc binding protein UK 
Gamblin, S. et aJ. 14-3-3 protein Tc-20 UK 
Gambrill, S. et aJ. G-protein rho UK 
Lips. L et aJ. ANA bacteriophages S 
Krauss et aJ. PhoIDsystem I 0 
Knossow, M. et aJ. Structure determination of the complex of a catalytic antibody with 

a transition-state analog F 
Stuart, D. et aJ. Structural stucrleS on bovine enterovirus UK 
Stuart, D. et aJ. X-ray studies on HIV-1 revelSe ligand binding for wild-type 

and drug resistant forms UK 
Wierenga, R. st aJ. High resolution data from a thiolase crystal EMBL 
Me Laughlin et aJ. Human gelso&n UK 
Knossow, M. st aJ. Complexes of neutralizing antibodies with influenza haemagglutinin F 
Stuart, D. et aJ. Bluetongue virus type 10 core particles UK 
Stuart, D. et aJ. BluetDngue virus type 1 - South African cores UK 
Stuart, D. et aJ. PcrlDvirus Sabin1-cD4 chimera UK 
Moras, D. et aJ. Structural analysis of prokaryotic threonyJ-tRNA synthetase from 

Thermus thermophilus F 
Moras, D. et aJ. Nuclear recepIDrs F 
Krauss et aJ. The structure elucidation of the membrane intrinsic protein 

complex photosystem I 0 
Bullock, T. st aJ. Sub-filament structure of the nematode sperm motility protein, MSP UK 
Evans, P. st aJ. Substrate binding 10 methylma/onyl-CoA mutase UK 
Williams, R. st aJ. Synchrotron radiation studies of a mammalian phosphatidyIinoilol-specific: 

phospholipase C UK 
FriIsch, G. st aJ. High resolution crystal structure of the photosynthetic reaction centre 

from Rhodobat:lersphaeroides 0 
Yonath, A. st aJ. Crystallographic studies on ribosomes 0 
ESAlGeigs et aJ. Analysis of Thermus thermophi/us aspartyI-tRNA synthesis and F 

thaumatin crystals grown in space F 
Fuller, S. st aJ. Crystal structure of Semll<i Forest virus EMBL 
ESAlMaes Analysis of protein crystals grown in space during mission USML-2 B 
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PLA1E2 

0veraD view of the EF-Tu.EF-Ts cimer. The 
pseudo-twofaId axis is crienIed werticaJJy. The 
EF-Ts are in light greys. SF-Tu are in dark greys. 
The lOp most helices ccns1iIute the principal 
cimer inIerface. 

PLA1E3 

ScI1ematic represenIation of the changes in the 
nucleotide bincing site between the GOP and 
SF-Ts bound EF-Tu. The siIuaIion in the EF-Ts 
complex appear in grey. 

PLATE 4 

Diffracticx I 
palIem from a ays-
IaI of the EIIueIangue 
virus type 10 core 
particles obIainecJ 
on BI..4 at1he ESRF. 
The data extend 10 
about 7 A with res0-
lution ciIdes dIawn 
at 29.6 A. 14.8 A. 
9.9 A and 7.4 A re-
specIiveJy. Space 
graup: P41211. 
a = b = 1120A. 
c = 1592 A. (Ccxr-
tesy of o. Stuart, 
Oxbd University). 
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The main lines of many of the projects described below 
are dependent on the continuing interactions with the X-ray 
crystallographers at the Outstation and on their results of the 
structural analyses. 

Regulation of seryl-tRNAsynthetase expression in E.t:oU 
(L Ferri & M. Hirt1ein) 

The possible role of SerRS or !RNASer in translational effi-
ciencywas examined using the E.coO S30 coupledtranscrip-
tion translation system. The results showed that presence of 
high concentrations of SerRS or tRNAseI' did not affect the 
de /lO\O synthesis of the enzyme. Thus. these molecules do 
not have a t1ans-acting regulatory influence. 

We have also studied the expression of the synthetase 
through the characterization of E.coO strain K28. This is 
temperature-sensitive for growth with an altered level of 
SerRS expression. and spontaneous temp&rature-rasis1ant 
revertants. having about a five..foIcI higher level of SerRS 
compared 10 the K28 strain. The serS genes of K28 and its 
revertants have been cloned and sequenced. The mutation 
responsible for the temperature-sensitive phenotype and for 
the altered ssrS expression was detected in the ssrS coding 
region. The steady-state levels of the serS mRNA in K28 
and wiId-type strains were very similar. incJ'1Cating that this 
effect is post-transcriptional. The mutation responsibleforthe 
reversion. was identified upstream from the -10 sequence 
in the promoter region. The steady-state level of the ssrS 
mRNA in the revertants is significan1ly higher than in the 
parental strain. 

The analysis of serS expression was also carried out with the 
study of several mutants obtained by site-directed mutagene-
sis desaibed in the 1994 report and a mutant (HE) containing 
silent mutations which decrease the degree of base-pairing 
with the downstream box predicted by computed analysis of 
serS mRNA. Despite of what might be expected on 'the basis 
of the predicted mRNA secondary structure, this last mutant 
showed a lower serS expression compared 10 the wild-type. 
Probing experiments fm collaboration with Florence Baudin) 

were used 10 study the conformation of the 5'o9nd of setS 
mANA of the wild-type, of the and of the NE mutants, 
including the leader region (-621+1), the initiation codon of 
the translation AUG (+1) and 224 nucleotides downstream 
from the +1. These experiments identified some regions 
which could be involved in regulating the setS expression: 
(i) a stem loop structure in the leader mRNA, whose cflSrUP-
ticn leads 1D a change in the expression; (ii) a stem loop in 
the translation initiation region involving the AUG and part 
of the downstream box; (iii) a pseudoknot structure which 
immediately follows the stem loop described in 00; (IV) a 
stable stem loop in the region which is deleted in the NS6-72 
and disrupted in the NE mutant, leading 1D a completely 
different pattern of the respective expression. All the results 
obtained are in agreement 10 suggest that the control of the 
serS expression is at post-1ranscriptionallevel The fact that 
mutants with single mutation in the 3'o9nd part of the sstS 
gene (E355Q and K28) are significantly affected on their 
serS expression. suggests that the 3'o9nd of sstS mANA 
could have important interactions with regulatory elements. 

Human seryl-tRNA synthetase 
(C. Vmcent & M. Hirtlein) 

Two human brain eDNA clones of different origins containing 
partial overlapping fragments cocfmg for SRSHS have been 
sequencecl: HFBDN14 a fcetal brain clone with an insert of 
1795 bp and IB48 an infant brain clone with an insert of 
1061 bp. HFBDN14 contains an intron of 694 bp between 
codon 419 and 420 in front of a sequence coding for the 
conserved aminoacyl-tRNA synthetase class II motif 3. Since 
for both clones, the 5' part of the eDNA was missing, this was 
isolated by PCR from a human brain 5' RACE-Ready eDNA 
library. The human sequence is the first complete sequence 
for a seryI-tRNA synthetase from a higher eukaryote. The 
SRSHS sequence (514 aa) is 31% identical with the £COli, 
46% with the yeast and 94% with a partial mouse and 92% 
with a partial Chinese hamster sequence. SRSHS has been 
over-expressed in E.coO using the 17 expression system. 
The enzyme, tested in bacterial extract charges with serine, 
tRNA from calf rIVer and yeast, but not from E.coli. Human 



seryl-tRNA synthetase like several other class I and class II 
human aminoacyl-tRNA synthetases is clearly related to 
their bacterial counterparts even if additional domains have 
been identified in human enzyme. Testing anti-seraproduced 
against bacterial and yeast seryI-tRNA synthetases, the 
human only reacted with the eukaryotic antibodies. 

The recombinant SRSHS has been purIied and tested for 
specific activity and homogeneity on non-denaturing PAGE. 
The enzyme was purified in two steps, a S-8epharose Fast 
Flow and a Q.Sepharose Fast Flow (Pharmacia). The protein 
is slightly soluble, the low aminoacylaticm activity and the 
non-denaturing PAGE show that the soluble fraction is not 
homogeneous. In conclusion, the over4CPl'eSSiOn in E.t:oIi 
using the T7 expression system shows qualitatively the 
specificity of the SRSHS but cannot be used quantitatively to 
characterize the enzyme. 

The structure of the gene for the human 
seryl-tRNA-synthetase 
(N. Tarbouriech & M. Hirtlein) 

The human seryl-tRNA-synthetase eDNA has been se-
quenced in this IaboraIory but the structure of the gene is 
unknown. We are examining the intronIexon paltam using 
PCR on human genomic DNA with primers derivad from 
the eDNA sequence. The sequencing of 1he inlIonIexon 
junctions and the size of the introns were determined after 
cloning of the amplified fragmenls.. We have screened 8S% 
of the coding sequence and characterized eight introns. 
The other part of this study is to cbne the gene and 
its regulatory regions. The gene has been located on a 
yeast artificial chromosome (yAe) with PCR screening of 
a human YAC library. This positive YAC, studied by pulse 
field gel electrophoresis, ranH:Ut restriction endonucleases 
and Southem blotting, allowed us to define a 30 kb fragment 
suitable for subcloning in a cosmid vecIDr. Digestions of DNA 
isolated from this positive YAC clone with classical restriction 
endonucleases produced two fragmenl:s of 8 and 10 kb 
suitable for subcloning into plasmids. We suppose1hat1hese 
two contiguous fragments conIain the complete gene with 
approximatively 110 2 kb upsIraam and 6 kb downstream. 

SpecHicily of the £COR seryI-tFINA SYIIUI8Iase 
(1<.$. Larsen & R. Lebennan) 

The E.t:oIi seryl-tRNA synthetase catalyzes the synthesis 
of several dinucleoti:le orJgOphosphates in addition 10 
its main function of covalently Inkilg L-serine to !RNASeI'. 
The specificity of the seryl-tRNA synthelase towaId both 
amino-acids and nucleolides were examined. 

Amino-acid specificity was characterized al the binding, 
editing and ac:Ieny1ate levels. A measure of the specificity al 
the binding step was obtained from the effect of amino-acids 
on the rate of seryJ.adenyiate formation. The relatively small 
amino-acids glycine, alanine, cysteine and threonine act 
as competitive inhibitolS with Ki values of 0.4, 1.1, 0.3 
and 3.9 mM, respectively, compared with a Km value of 
0.06 mM for serine. Larger or charged amino-acids were 
aD characterized by Ki values in excess of 20 mM and are 
thus rejected by the enzyme al the binding step. 
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SeryJ.tRNA synthetase synthesizes a serykldenylale in-
termediate from Is natural subsbates, l-serine and ATP. 
and the intermed"Jale remains enzyrne-bound in the ab-
sence of cognate 'lANA due to a olSSOCiation constant of 
0.015 nM. Despite the extremely low dissociation consIant, 
the seryi-adenylate nevertheless hydrolyzes 10 seri1e and 
AMP. The rate constant for hydrolysis of the enzyme-bound 

. adenylate is 0.0001 sec-1 compared with 0.02 sec-1 for 
the hydrolysis of free serykadenylate at pH 7.5. Substitu-
tion of serine wiIh glycine, alanine, cysteine or threonine 
result in the synthesis of misactivatecl adenylates. These 
adenylates cannot be detected based on 1I1e standaId radio-
chroma1Dgraphy deteetion system used for observation of . 
seryl-AMP because of sub-stDichiometric levels and rapid 
hydrolysis. Their existence can be inferred from an increase 
in the rate of ATP hydrolysis to AMP. N. saturation c0ncen-
trations of the non<Dgnate amino-acids the rate of AMP 
synthesis is within an order of magnitude of the rate of 
hydrolysis of free sayl-adenylate. This incfJCates that seryI-
tANA synthetase can discriminate against glycine, alanine, 
cysteine and 1I1reoniAe based on a much higher rate of 
hydrolysis of misactivaled amino-acids compared with that of 
serine. 

While hydrolysis of misac:livated adenylate could serve in 
riID as an effective ed"ding mechanism, it would althe same 
time beawastefuH pnx:essbecauseoneATP is hydlOlyzedtD 
AMP for each misadivation. Aposstie alternative to hydroly-
sis is pyrophosphoroIyin which ATPcan be recoveredfrom 
a misaclivated aminoacyJ.adenyiate. We have previously 
found that the enzyme bound seryJ.adenyiate was also very 
sensitive to PPi in the back reaction (Km < 0.1 mN) and 
pyrophosphate does indeed lower the rate of ATP hydrolysis 
in the presence of gJycine. alanine, cysteine and threonine 
with apparent Km-values in the 0.4-1.2 mM range. Thus,1he 
interaction of pyrophosphate with seryi-adenylate and JI1is.. 
activated adenylates appears to be a compromise between 
having calalysis of the intended reaction taking place under 
inhtiting conditions and PnMInting. misacIivation with the 
smallest possible loss of ATP. 

Information about the spacificily at the adenylate level was 
obtained by the use of 1I1e SIabIe 5'-o.[N-(aminoacyI)-
sulfamoylJ ac:Ienyiate analogues (synthesized by Barbro Bei-
jer and Brian Sproat. EMBl Heidelberg). The serine acti-
vation was inhtited by the seryl-, and cysteinyl-
analogues with K,-vaiues of 2.2 11M. 39 nM and 59 nM. 
respectively. whereas the Kj..vaJues for the valyl-, hislidyl-, 
lysyI-.and leucyl-analogueswere in the range from 2-70pM. 
Thus, these analogues bind much more firmly compared to 
the corresponding tree amino-acids and the added contriJu-
tion can be attributed to the common adenosy! moiety. As 
with free amino-acids it appears that size and charge are 
imporlant oJSCrimination faclolS. It appears 1hat serya.tRNA 
synthetase achieves its amino-acid specificfty it part by size 
and charge exclusion and thal small neutral amino-acids are 
discriminated against by either hycIJoIysis or pyrophospho-
rolysis of misaclivaled adenylates. 

Enzyme bound seryi-adenylate is not only susceptible to 
reaction with PPi. but over 20 nucleotide phosphates can 
react in an analogous fashion under formation of mono-



SRSBM (336) GDMGFTQAKKYDIEVWAPGDl)MBDGPl)RGGRWLEVSSVSNFEDFQAPR PLATE 1 
SRSEC (331) GDMGFGACKnDLEVWJ:PAQ -NTYREISSCSNVWDFQARR 
SRSBS (325) GDLGFTAAKKmIEVWIPSQ -DTYREISSCSNFEAFQARR Alignment of seryI-tRNA synIhetases 

at the site of Ihe acicic amino-acicl 
resiciJe.rich insertion in SRSHM 

SRSTT (321) GDMGPGKWRQVI>IEVYLPSE -GR;tRETHSCSALLDWQARR, 
SRSHS (337) GSLNHAASKKLDLEAWFPGS --G.AFRELVSCSNCTDYQARR 

or cfmucleotide phosphates of the formulas Apn or ApnN. 
where· A is adenosine, N is either a purine or pyrimidine 
base, the sugar residue can be either ribose or deoxyri:)ose 
and the linkages consist of 2-4 phosphates. Seryl-tRNA 
synthetase displays a broad specificily for the synthesis of 
these compounds in contrast 10 the high amino-acid speci-
ficity. All these compounds c:afl also serve as subWates for 
the re-synthesis of seryl-adenylate and these reactions can 
therefore be treated as an exchange of phosphate bonds. For 
instance, AOP and ATP can be recovered from dinucleotide 
oligophosphates in the presence of Pi or PPj, respectively. 
Much conjecture has been reported with regard to specific 
regulatory functions of the dinucleotide oligophosphates and 
the role of the aminoacyl-tRNA synthetases in their synthesis. 
The abirlty of the seryl-tRNA synthetase to catalyze the ex-
change of phosphate bonds in a broad range of nucleotides 
suggests a role in the balance of phosphates in the &virtg cell 

Seryl-tRNA synthetase from 
HaIDart:uIa marismortu/(SRSHM} 
(C. Taupin, M. Hartlein & R. Leberman) 

This study provides information on the character, structure, 
function and evolution of the first aminoacy\-tRNA synthetase 
from a hyperhalophilic archaebacteria and the first class II 
archaeal aminoacyl-tRNA synthetase 10 be characterized. 

The entire SRSHM gene has been sequenced. The coding 
sequence is 1380 bp long and its G+C percentage is 64,7, 
which is characteristic of the genes of HaIoaJcu/a marismor-
tui. This high G+C content of the hyperhaJophilC DNA is 
supposed 10 stabirlze the DNA at high salts concentrations. 
The amino-acid sequence of the SRSHM has been deduced 
from its gene sequence and comprises 460 residues corre-
sponding 10 a polypeptide with a molecular weight of 52. The 
enzyme is a homodimerwith an apparent Mr forthe monomer 
by SDS-PAGE of about 70, and the Mr of the native enzyme 
appears to be about 150 when determined by gel filtration. 
These anomalously high apparent molecular weights are a 
general property of halophilic proteins. 

Comparisons of amino-acid sequence show that SRSHM 
is highly homologous to the others seryl-tRNA synthetases 
(Table 1) with the halophilC enzyme more closely related to 
the prokaryotic enzymes than the eukaryo1ic. Table 1 also 
shows that SRSHM, when compared 10 the others SRS, is 
rich in acidic residues and poor in basic residues. This is 
one of the striking common features of the hyperhalophilic 
arehaea\ proteins. Indeed, it seems that acidic residues 
located at the surface of hyperhalophilic proteins could fix 
in a cooperative W8:f and coordinate a network of highly 
hydrated ions, which would stabilize hyperha/ophDic proteins 
in a soluble form at high salt concentrations. A structural 
model wiD be constructed to check this hypothesis. 

When afJgned with other SRS (plate 1), the SRSHS shows 
an. unique insertion of 9 residues, rich in acidic residues, in 
the C terminal part of the protein and presumably exposed to 
the solvent. This insertion could contribute to the halophilic 
behaviour of the SRSHM. To test this hypothesis a dele-
tion mutant of the SRSHM, of 8 residues of this insertion, 
DMEDGPDR, was constructed. Both the wiId-type and mu-
tated genes were cloned in two expression veclDrs: pET and 
pTRXFUS so that the gene products could be expressed 
as a fusion protein with thioredoxin to improve the solUbility. 
The DNA constructions were transformed in suitable Ecoli 
strains. High levels of expression were obtained, but all 
the recombinant proteins were inactive and insoluble. With 
modifications of the growth concfJtions of the bacteria, it was 
possible 10 obtain soluble wild-type and mutant proteins, but 
both were enzymatically inactive, probably due to the lack of 
high salt concentration in the Ecoli cells. Attempts1D produce 
active enzymes have, so tar, been unsuccessful 

AsparaginyI-tRNA synthetases 
eM. Hirtlein & R. Leberman} 

AsparaginyJ-tRNA synthetase a class II aminoacyl-tRNA 
synthetase is the only member of the sub-class III for which 
a representative tertiary structure is not available. Examples 
of this enzyme from various prokaryotic and eukaryotic 
sources are being studied with the goal of eventual structure 
determination. 

Table 1 

Homologies between SRSHM and ather SRS 

SRSsp* identical aa !conserved aa- D+E R+K 
(%) (%) (%) (%) 

SRSHM I I 23,9 10,9 
SRSTT 32,6 SO,9 14,7 13,8 
SRSOB 38,9 57,4 14,2 12,3 
SRSEC 41,3 58.7 15.8 12,6 
SRSHI 38,5 58,5 14,5 11.4 
SRSBS 46,1 63,9 17,9 14,6 
SRSSC 26,5 48,7 16,2 14,5 
SRSHS 28,3 49,8 15,9 14,8 

* TT = Thermus thermophUus; CB = CoxieJ1a bumettii; 
EC = Escherichia coli; HI = Hasmophilus irlfluenzae; 
BS = Bat:iIIus subtilis; SO = Saccharomyces cerrwisiae; 
HS = Homo sapiens 

- conserved aa= identicaJ aa+ family aa at a given position; 
family aa in the sense of the same DAYHOF family: 
C! FWYf STAGPI DEMO! HRKI LIVM 
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Aspsrag/nyl-sylJthetll from ThernaIs thsrmophHus 
(L Seignovert) 

The gene for the asparaginyJ-tRNA synthetase (NRS) from 
the extreme thermophile, Thermus thermophilus HBS, was 
isolated, cloned and sequenced. The sequence analysis 
revealed an open reading frame coding for a protein of 
438 amino-acid residues and molecular weight 50,875. The 
amino-acid sequence of T.thermophilus asparaginyl-tRNA 
synthetase (NRSTT) showed high similarity with other bacte-
rial asparaginyJ.tRNA synthetases (36-52% identity). Codon 
usage in the T.thermophilus asparaginyJ.tRNA synthetase 
gene is similar to the characteristic usage in the genes for 
proteins from bacteria of genus Thermus: the G+C content 
in the third position of the codons being as high as 94%. By 
expression of the T.thermophilus asnS gene in Escherichia 
coD, the thermostable asparaginyl-tRNA synthetase was 
overproduced and purified by heat treatment and two steps 
column chromatography. The protein obtained is remarkably 
thermostable. Crystals of the enzyme were obtained from 
polyethylene glycol 6000 solutions by vapour diffusion tech-
niques. 

AsparaginyI-tRNA synthetase from Brugis malay/ 
(S. Price with M. Kron, M'rehigan State University) 

Expression and purification of the fusion protein with the 
maltose binding protein has been optimized. Extensive crys-
tallization trials of the enzyme, released from the fusion 
protein are under wa!f. 

Asparaginyl-tRNA synthetase from 
Sat:t:haromyces t:8I'INisiae 
(I. Landrieu) 

The cytoplasmic and mitcchondrial asparaginyl-tRNA syn-
thetases of yeast, Sat:charomyces cenwisiae, are being 
studied. For the cytoplasmic enzyme, the asnrs-:1 gene of 
strain 8556a (Ramos & Wl8r11e, 1979) has been character-
ized by demonstrating that its cytoplasmic asparaginyl-tRNA 
synthetase has a Km for asparagine ten-fold greater than 
the wild-1¥P9 enzyme. Sequences comparison of mutated 
and wiId-type genes shows that a codon glycine is replaced 
by a codon serine in asnrs-: 1 gene. The protein is modified 
near motif 3. This mutation appears to be responsible for the 
phenotype of strain 8556a. 

An expression plasmid has been constructed by insertion 
of the complete mitochondrial asparaginyl-tRNA synthetase 
gene of S.cenwisiae in a pET 17 vecIor. The fragment has 
been amplified by PCR using a suitable oligonucleotide, 
to obtain an Ndel restriction site at the start codon. The 
amplified fragment has been inserted at the Ndel site to 
obtain inducible expression from the T7 promotor of pET17. 

VaIyl-tRNA synthetase from ThemxJS themJophllus 
(M.-T. Dauvergne, M. Hirtlein & R. Leberman) 

A 1 kb PCR fragment coding for the N-terminal part of 
T.thermophiJus valyJ.tRNA synthetase (see Research Re-
ports 1994) was used as probe in Southem blot experiments 
with T.thermophiJus DNA digested with different restriction 
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enzymes. Two BamHI fragments of 1.7 kb and 1.9 kb were 
cloned into pUC 18 and partially sequenced. It turned out 
that the 1.9 kb fragment contained 0.7 kb of the 5' part of 
the valS gene and the 1.7 kb fragment the truncated 3' part. 
To obtain 1he complete vaIS coding region the cloning of a 
suitable Sphlfragment is underway. Sequencing of the large 
PCR fragment has to be done in a step by step procedure 
. since it was not possible, in a contro8ed way, 10 create 
unidirectional deletions with exonuclease III combined with 
mung bean nuclease, possibly due to the high GC content 
of the thermophilic DNA Satisfying sequencing results were 
obtained with the Taq cycle sequel'1Cing kit of Amersham 
combined with dGTP analogues and 33p clATP. About 800 bp 
of the genomic BamHI fragments have been sequenced so 
far. 
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Virus structure group 

Group leader: R.W.H. Ruigrok 

Scientist F. Baucin 

Fellows: L Boqu6, C. EIsler, F.1ser!, K. I<knpp 

Visilcrs: w.p Bum.eislet*, Y. GaucIn* 

Assistant: A. Barge 

To study the structure of viruses, viral proteins and sub-viral 
particles, we use a combination of biochemical and biophys-
ical approaches to understand the basic processes of viral 
repflC8tion. Our studies are c:ar.cenbaling more and more 
on the structures involved in RNA replication and transcrip-
tion processes, combining chemical and enzymatic probing 
techniques for RNA structure with electron rnicroscopy and 
X-ray crystallography. We compare the struclUres of the 
ribonucJeocapsids of influenza viruses and rhabdoviruses 
(vesicular stomatitis virus (VSV) and rabies virus). Schematic 
diagrams of influenza virus and VSV can befDund in the 1994 
Research Report. Although not described in this or pnMous 
reports. much of our effort is b::usecI on the purificatiDn of 
viral and recomQinant proteins. such as the non-struclural 
protein (NS1). nucleoprateJn (NP)and matriIC praIein (M1) 
with the aim of crystallization. However, the viral pIOteins 
we work on are neither easy to obtain in·1arge amounts 
nor are they easy to CI'y$I8IIiZe. .n because they are de-
signed to form bioi0gicaliy active pOlymers OIherthan regular 
crystaJs. 

Influenza virus rlbonucleaprotain 

We have previously shown, with in vlIm reconstitution ex-
periments, that influenza. nucleoprotein (NP) bind$ to 
the phosphate-sugar ANA in such a manner 
that it melts aD secondary RNA SIruclures and exposes the 
nucleotide basestothe soIvent(Baudin etaL. 1994). We have 
now studied the intactviral ri)onudeoprotein (AMP) particles 
and found 1hat the RNA bases were also exposed to the 
outside. However, at the 5'-endofthe RNA the Watson-Crick 
positions were protected. This 5'-end is conserved in aD 
influenza viruses and is complementary to the 3'-end and 
it has been suggested 'that the two ends form a base-9aired 
structure in the RNP. a so-called pan-handle. We were able 
to remove the viral polymerase from the RNP with the 
detergent deoxy cholale, and found that the 5'-end became 

then available for chemical modifJCation (plate 1). This sug-
gests that the 5'-end of the viI3I RNA (vRNA) is protected 
by the presence of the polymerase, but is single-stranded 
in its absence and does not form a pan-handIe with the 
3'.and. EIecbon microsc:oP.( observations confirmed that the 
ends come apart after removal of the polymerase (Plate 1) 
and do not form a stable double straJlded structure. The 
observations on the intact AMP diluted in water also suggest 
that the polymerase binds to both the 3'- and the 5'-end 
of the vRNA and keeps them together. The reason for the 
complementarity is probably not the need for the formation 
of a pan-handle structure but the need for a vRNA-like 3' 
pIOrnoIDr structure on the complementary RNA, a replication 
intermediate and exact COP'! of vRNA. 

PLRE1 

ct.nical naocIiIioaIion ... efeaIn:In lllicnsca". of fnIIuenza 
.. RNP wHh ... without IIspolJlner8le_pIa. 

_: Chemical modificaIion willi OMS, raveaIed by RMne 1ransCIip-
tan, of the intaat RNPs and the pofymenIse camplales (RNPs - pol) 
lhe modficalioll and the sequanoe shown are 1hose of segment 
8 vRNA, cacIing b' the nan-sI'UCIUIaI proIein. 'The 
positions of the bases at 1he oonserved g -end of the vANA are not 
rnocIIiecI in 1he inIact ANP "are available b' mocIficaIion after re-
moval 1heoligo-U S1reII:hrepesenls the 
signal b' paIyadaIlYIaIion of the mANA. Modified A and C Iesidues 
.. NIcaIed. AGCU idcales thesequaa of the RNA segment. 

BalIcrn: AMP (m 150 mM NaCI, 10 mMTris-HCI) was c:1i1u1ec14 times 
in waIer, adsorbed 0l1IO carbon film 81d negaIiveIy stained willi 1% 
socIr.In sicoIungsfaIe. 'The ANP wIich bms a double caiIecI coil 
in 150 mM salt (RuigrQk & Baucin, 1995) opens up 11) a circuIIr 
SIn.ICIII'e when cIuIIad in waller. daly incicaIing that both 11-and 
S'-encIs are kept ..... When1hepolyrnaasecamplexisremcMld 
1M ends corne apart. 
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Influenza virus Pm protein 

Influenza virus M1 protein was cloned and expressed in 
E.coli. The purified rec:ombinant protein was compared with 
viral protein isolated by detergent extraction or by acidic 
chloroform-methanol extraction in terms of CO spectrum 
and RNA binding and in vitro viral transaiption-inhibition 
activities. All M1 preparations had comparable activities and 
virtually identical CD spectra. We have shown before that 
some 5-15% of M1 protein in virus contains zinc, most 
probably bound to a Cys-Cys-His-His sequence (Elster et aJ., 
1994). We have now mutated the first Oys in this sequence 
to Ser and tested RNA binding and transcription inhibition 
activities. We found that the m1.Itant had the same activities 
as the wilcl-type protein which is final proof that M1 protein. 
which is an RNA binding protein that contains a "Zinc-finger 
sequence", nevertheless does not bind to the RNA through 
this "zinc-finger". Using the hetero-bifunctional cross-fmking 
reagent APG. we determined the sequence of the protein 
that binds to the RNA. The protein was cross-linked to RNA 
and digested into small peptides which were separated in 
HPLC. The peptides cross-linked to RNA, as determined 
by absorbance at 260 nm, were sequenced and found 10 
correspond to the region between residues 90 and 1 OS, which 
contains a sequence rich in kg and Lys. suggested to be 
the nuclear IoeaUzation signal of M1 protein. Site-directed 
mutagenesis is now being carried out to prove that this is the 
only RNA binding sequence. 

VSV M protein 
(with Y. Gaudin (Gif-sur-Yvetle), J. Gagnon 
(Grenoble) & P. Timmins (Grenoble» 

Up to now, crystalflzation trials with the 26 kDa matrix protein 
(M) of vesicular stomatitis virus have not yielded any results. 
Therefore, we determined the shape of purified M protein 
using biophysical techniques like analytical centrifugation, 
dynamic light scattering and small-angle neutron scattering. 
The data obtained are consistent with a rod-like model for 
M protein with a length of about 100::l:10A and a radius 
of 9::1:1 A. These dimensions are in agreement with the 
substructure of M protein-aggregates and with the fine mor-
phology of the axial channel material found inside the viral 
nucleocapsid coil (Barge et aI .. 1993), confirming the idea 
that this material indeed consists of M protein (see diagram 
in 1994 Research Reports). It is possible that the rod-like 
shape of the protein is the reason for the lack of success 
in the crystalrlzation assays, as leng thin proteins often do 
not crystallize. Circular dichroism measurements suggested 
a herrcal content of M protein of about 30%. The information 
'from the biophysical and CD measurements was combined 
with secondary structure predic:tions on four vesicu!cvirus 
M proteins, leading to a proposal for the structure of M pro-
tein consisting of four, linearly arranged sub-domains. This 
hypothetical domain structure will be used as a basis for 
production of recombinant domains for crystallization. 

Avian adenovirus penton 
(with J. Chroboc:.::zek & B. Jaerct (Grenoble) 
& M. Hess (Berlin» 

The penton capsomer of mammal"uan adenoviruses c:cnsists 
of a trimeric, long and thin fibre inserted into a pentameric 

base. The base is inc:crpcrated into the viral capsid and the 
distal part of the fibre contains the receptor binding site. The 
avian adencviruses possess a penton which presents an-
ether symmetry mismatch: each pentamerie base is ass0ci-
ated with two trimerie fibres. We have studied the morphology 
of the penton of cao virus, an avian adenovirus, and we 
have determined the sequence of both fibres, a long and a 
short one. The shon fibre c:cmes out of the base in a straight 
manner (plate 2), like the fibre in mammal"lan adencviruses. 
and the sequence of the amino-terminal domain of the fibre 
that is associated with the penton base suggests that this 
short fibre is bound in the same wa!J as the mammalian 
viral fibres. The leng fibre comes out of the base at a . 
right angle, is often bent at mid shaft length (plate 2) and 
has a very different amino-terminal domain. Comparison 
of beth amino-terminal domains with those of mammalian 
adenovirus fibres suggests a mechanism for selection of a 
short pius a long fibre, rather than two short or two long 
(Hess et aJ., 1995). The shafts of all known adenovirus 
fibres consist of a series of 15-resiclue repeats. The avian 
virus fibres show a mere complicated and less regular shaft 
repeat structure with single, double and triple repeats. The 
sequences of 1I1e receptor binding (head) domains of both 
fibres are very cflfferent nom aU ether known fibre head 
domains and very cfJfferent from each ether, suggesting that 
the two fibres bind to different receptors. The genome orga-
nization of the sequenced region is rather different 'from that 
in human adenoviruses. In particular, a region homologous 
to the human virus E3 region was not found at the position 
where it normally occurs in the human virus genome. This 
may have implications for the use of avian adenoviruses for 
gene-therapy purposes. 

50 nm 

PLATE 2 

Electron micmgraphs of negatively stained pentDns of CELO virus, 
an avian acIenavirus. The examples shown are of pen!DnS adsarbed 
onto the support film in side-viaw, stained wiIh 1% sodium siIico-
tungsIate. 
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ProteinIDNA interaction group 

Group leader: C.w. MOIIer* 

Fellows: S. Becker*, P. Crarner* 

VISi1Dr: S. KIimasauskas* 

Our group is interested in the structure and function of 
DNA-binding proteins and their interactions with DNA. In par-
ticular we want to study on a molecular level how eukaryotic 
transcription factors recognize their specific DNA sequence 
and how interactions between different specific and general 
transcription factors regulate transCI iptional activity. Our ini-
tial research concentrates on the X-ray structure elucidation 
of two new classes of eukaryotictranscription factors. In both 
cases large parts of the protein are needed for DNA-binding 
and the proteins provide large surfaces to interact with other 
proteins. The NF-x:S project uses the already determined 
P50 X-ray structure to provide further insight, how proteins 
of this family of transcription faclDrs bind to DNA. We want 
to compare binding to d"lfferent sites on a structural level 
and try to relate structural data with DNA-binding affinities. 
The collaboration on methyltransferases allows us to study 
interactions between a DNA modifying enzyme and its target 
DNA. 

NF-KB P52 
(P. Cramer with G. Verdine (Harvard University» 

NF-JCS P52 is a close homologue to NF-II:8 P50. They bind 
preferentially to the same site, the MHC class I site, but they 

are expressed at different levels in different mammafJan ceO 
types. Despite their close homology, P52 contains a much 
shorter "insert" - a stretch of residues only found in PSO and 
P52 - which is believed to be important for interactions with 
other proteins. 

We obtained an overproducing E.coIi strain from our collab-
orators and we are able to produce 5-10 mg pure protein 
from 1 I of cell culture. The expressed fragment of P52 
eMr = 35) yields different crystal forms when co-crystaIIized 
with synthetic oligonucleotides. The best crystaJs obtained 
so far contain a 21-mer oligonucleotide and d"dfract to at 
least 35 A on a home X-ray source. The spacegroup of 
the crystals is primitive orthorhombic with axes of a = 72 A, 
b = 81 A, c = 146 A. The crystals contain probably one dimer 
per asymmetric unit. Experiments to determine optimal cry-
oconditions are in progress. 

The two independently determined PSO homodimerJDNA 
structures contained only about 10 basepairs of in-
tact B-DNA. The new co-crystaIs of P52 with a 21-
mer oligonucleotide wiD provide very important further 
information about the conformation and bending of the 
DNA. 

PLATE 1 

NF-xB P52IDNA co-crysIaIs 
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Signal transducer and activator of 
1ranscription (Stat) protein 
{S. Becker with B. Groner (Freiburg» 

Stat transa iption faclDrs are a new class of eukaryotic 
transCi iption factors. They are ac:tivated by the Jak-stat path-
way: extraceDular cylDkine signalfmg results in the tyrosine 
phosphorylation of the Stat proteins by the Jak kinase (just 
another kinase, janus kinase). The phosphorylation event 
leads 10 dimerization of the Stat and the 1ranslocation of 
the transcription factor 10 the nucleus, where it binds to 
its target site. Despite its size of 90 kOa the entire Stat 
protein apparently is 10 maintain its DNA-binding 
function. 

In collaboration with Bernd Groner. Freiburg. we are working 
on mammary gland factor (MGF. StatS). which is one member 
of the Stat family. We are trying 10 over-express active 
protein for crystallization 1riaJs 1D initiate a structure analysis 
project. While our collaborators in Freiburg concentrate on 
CCHXJ)ression of Jak kinase and Stal5 in baculovirus. we 
want to co-express StatS and Jak kinase in E.coli or in 
yeast. 

We received eDNA constructs of Stat5 and Jak kinase and 
cloned them into pET expression vectors. Testing of the 
expression of different construdS is under wa!f. At. the same 
time we are preparing for expression in yeast. 

Tprotein 
(C.W. MCrDerwith B. Herrmann (Freiburg» 

T is a eukaryotic transcription faclDr. responsable for meso-
derm formation during development. T consists of 4SO amino-
acid residues and binds DNA as a monomer. The first 
230 amino-acid residues are needed for DNA-bincfmg. They 
show no homology to known DNA binomg domains. We 
developed a purification procedure fJom a bacterial ex-
pression system of 1; kindly provided by our collaborators. 
CcH:rystaIlization trials with DNA orlgOnucleoticles are under 
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Bacteria protect their own genomes by sequence specific 
methylation. N6-methyladenine. 5-methyleylosine and N4-
methyIcytosine transferases are described in bacteria But 
the X-ray structures of only two 5-methylcytDsine trans-
ferases with and without DNA have been reported so far. 
S. Kimasauskas visited our group this fall 10 initiate a collab-
oration on the X-ray structure analysis on N4-rnethy1cytDsine 
transferase. Mva1 (Mr =50). The group of S. Klimasauskas 
developed an over-expression system for Mva1 and purified 
the protein to homogeneity. 

During his visits three different crystal forms of N4-
methyleylosine transferase Mva1 in complex with s-
adenosyl-l-methionine were produced and analysed at 
beamline 19 and beam6ne 4 at the ESRF. Unbrtunately afl 
three crystal forms diffracted only extremely weakly. 

A search for other crystal forms with more stable substrate 
analogues is in progress. At the same time we have started 
to c:o<rystaIIiZe proteinIONA complexes. 
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Diffraction instrumentation group 

Group leader: C. WiIIinson 

Scientis1s: A. Gabriel. s. McSweeney, A Thompson 

Fellows: K. Brown, M. ChemIouI* 
-Assis1ants: J.-C. CasIagna, F.. Cipriani, L CIaustre, F.. Dauwrgne, F. FeIisaz, F.. Lapeyre, M. NageI* 

VISitors: V. 8iou*, C. BouIin*, M.-A. Cam:lndo*, A. CceIho*, F. O'Annunzio*. A. GonzaIez* , G. Habash* , 
J. HeIIiweII*, W. Hunter*, S. Kinder*, M.s. Lehmann* , P. MaIias*, F.. Ne*, P. OIeinek*, Z. Otwinowski*, 
P. PIatz*, E.J. Prince*, H. Stuhrmann* , O. SVensson*. P. Thorander* , S. Wakatsukj*, S. Ycung*, T. Zernb* 

The role of the diffraction instrumentation group is to develop 
and operate instruments for X-ray and neutron cfrffraclion 
in collaboration with the European Synchrotron Research 
FacIlity (ESRF) and the Institut Laue Langevin (U). At. ESRF, 
the biocrystallography endstation for beamline BL4 and the 
multi-wavelength anomalous dispersion (MAO) beam.Jine 
BL 19 have been constructed and are now receiving visitors 
for scheduled experiments. The designs for the macr0-
molecular crystallography beam-lines on Bl20 are now wen 
advanced and construction of the first two endstations will 
begin in 1996. An off-line image plate scanner capable of 
reading plates of 800 mmx400 mm at 100 II. resolution is 
being developed for use on one of the Bl20 endstations. 
At ILL, a neutron quasi-Laue diffractometer (LADI) which 
uses neutron-sensitive image plates has been installed on 
a guide and is being used 10 collect protein crystal data 
from several systems. Improvements have also been made 
to the monochromator and alignment systems for the bw 
resoluton diffractometer 0821. New muJti..wire proportional 
counter (MWPC) detectors for use in both X-ray and neutron 
diffraction experiments were constructed and and are being 
used at ESRF. at ILL, at DESY (Hamburg) and many other 
laboratories around the world. 

Mufti.wavelength anomalous dispersion beam-line 
(BL19) at ESRF (A. Thompson, F. Felisaz, 
K. Brown, F. Lapeyre. L Claustre, A. Gonzalez & 
P. Thorander) 

BL 19, which has been designed and constructed overthe last 
three years in a collaboration between EMBL and ESRF, sup-
plies a narrow bandpass, rapidly tunable intense source of X-
rays for structure determination with the MAD technique. The 
first focused monochromatic beam was achieved early June 
1995 and the first successful MAO phasing experiment was 
performed only two weeks later when an interpretable elec-
tron density map was calculated from a crystal of seJenome-
thionyl aldolase (collaboration with W. Hunter, S. Cooper 
& G. Leonard. University of Manchester & S. McSweeney. 
Grenoble Outstation). This dass II aldolase contained eight 

Se atoms in a molecule (molecular weight 39) and has 
one of the largest unit ceJIs that were successfully tadded 
by MAD phasing methods. This result was aD the more 
encouraging. given that lhe data were collected from several 
crystals in the absence of known c:ryo-coofJng conditions. 
Since then four further structures have been resolved with 
ab iniJio MAD phasing. using Se(2). Sm and Fe absorption 
edges. Plate 1 shows part of the structure of one of these, 
the cell adhesion molecule sialoadhesin. solved to 2.9 A 
resolution by Y. Jones and co-workers (Oxford University) 
using a seleno-methionine form. The beamline is now open 

PLATE 1 

Portion of strand fitted 
to SeMet MAD phased 
2.9A resolution map. 

BallI collected ESRF 
BL1920-21 Oct. 9S 

R..-. A. MJIy. aaL. & 
E.y.-. 
LMBOdonI .1 Nov. 95 

Part of the structure of the cell adhesion molecule siaIoadhesin 
measured to 2.9 A resolution on BL19 at ESRF using MAD methods 
(cdIaboraIioI i with E. Y. Jones, Oxfard UnNersiIy). 
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10 users, but new equipment is still being developed, including 
a "geometry diffractometer and a narrow bandpass constant 
height output Si (311) monochromator to enable finer sam-
pfing of the anomalous signal. Calibration and testing of the 
image intensified ceo deteclDr, constructed by J.-P. May of 
the ESRF. has shown that data of a similar quality to those 
obtained by image plates can be read-out and stored in only 
four seconds, which is very much faster than by an image 
plate. Although the detec::lor diameter is only 220 mm, with 
1152 x 1152 pixels, it can be mounted on the diffradometer 
26 arm to enable larger unit cells 10 be measured at high 
resolution. 

Macromolecular crystallography beaJn.llne (BUO) 
at ESRF (S. McSweeney, F. Felisaz & L CIaustre) 

Beamline 20, the first stage of which is presently under 
construction at ESRF, is to be situatec:J on 1014 (a high 
p-unduJator) and consequently 1I1is beam-fme will offer 1I1e 
advantages of high flux and extremely high bril6ance, idealfor 
the study of very large unit cells and very small crystals. Two 
of the four experimental stations are being built; construction 
of the experimental hutches wl1 start in February 1996, with 
the beam-line commissioning scheduled tor early 1997. The 
EMBL-designed endstation EH4. which is one of these, is 
situated at the end of the line and wII have the highest 
flux of the four, the other stations EH1-3 being served by 
beams from diamond monochromators (plate 2). To deal 
with the very high heat load from the undulator beam, 1he 
first optical element WIll be a liquid nitrogen cooled double 
monochromator (0H2 MONO), which wII aDow a choice of 
wavelengths between 0.3 and 1.8 A. A toroidal mirror will 
be used to subsequently focus the monochromatic X-ray 

DH2 MIRROR 

DH2 MONO 

beam. The endstation wrlJ be equipped with a 
diffractometer, which wIl have a rapid read-out CCD detector 
system. Different types of CCD detector are presently being 
evaluated in collaboration with the ESRF deteclDr group. 
and a new system for data acquisition and control is being 
developed in conjunction with the ESRF programming group. 
This software wI1 establish a direct Dnk to a database 
system to enable re6able archiving and recovery of the data 
produced on the ina. 

AncIllary beam-llne equipment for ESRF 
(A. Thompson, F. Felisaz, F. Lapeyre, 
K Brown & L CJaustre) 

In collaboration with users and beam-fme scientists on the 
BL 19, BI4 and TROIKA beamHnes, several technical and 
software developments have been made to facirltate data 
collection. A rapid image plate changer, which has been 
constructed for BL 19. carries six image plate casettes and 
is capable of rotating each of them to an exposure position 
in 0.15 s with a positional accuracy better than 50 p., and 
a rotational enar less than 0.01°. To identify the individual 
plates, each one carries a bar-code, which is read by a laser 
and its value fed to a control program which allocates a series 
number to 1he exposure. When 1I1e image plate is scanned, 
the bar code is re-raad and the exposure is thus correctly 
identified. A control program for the synchronization of the 
X-ray shutter. the crystal rotation axis and the start of the data 
collection by the de1eclor has been implemented on BL4 and 
BL 19. This aIbws a complete data measurement sequence 
to be defined and collected automatically, eliminating human 
intervention errors. 

UuHi-wire proportional (MWPC) 
(A. Gabriel & F. Dauvergne ) 

A two-dimensional (20) circular detector of radius 200 mm, 
which has been constructed in collaboration with M. Kocsis 
(ESRF detector group), is now in routine use for the mea-
surement of elastic X-ray diffuse scattering and small-angle 
scattering on beam-lines BL 1 and BL4at ESRF. The detedDr 
is sensitive to X-rays of up to 20 keV. matching weD the cut-off 
from the rhocfwrn-covered mirrors on those beam-fmes. The 
detecIor has a very low dark count, essential for use in this 

DIAMOND MONO 3 

PLATE 2 

Layout of the BL.2O bea-line at ESRF. The 
endstations EH1-3 are serwd by diamond 
monochrorroalDrS which refIecl par1icuJar 
wavelengths from fie main beam. while 
the "drect" 6ne EH3. which will take the 
remaining power of the cirect beam, has 
a nitrogen c:ooIed monoc:t.roma!Dr (0H2 
MONO). 
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PlATE 3 

SmaB-ang1e X-ray sc::atteriI'Ig pattern obI:ained on beamline I3IA at c:mss-secticm 0.3 mm xO.S mm. The :200 mm diame1er detector 
ESRF from a c:ubie micellar phase plus a &ameIIar (biphasie) phase was 2 m from the sample (pixel size 300 pm). PaI:Iem 
in a surfal::Iant sys1em. The irnaee was obI:ained by seanning a 2 mm of O. Dial: (ESRF), D. PIusqueJIec (ENSOR, Renties). F. RicwI, 
diameter glass eapillary 1i1rough a 1 A waveIengIh X...r,ay beam of 13. DeI!le, 1: Zemb & M. Dubois (SCM, eEA Sar::Iay). 
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type of measurement, where parts of the signal can be very 
weak.. The diffraction patterns can also contain some areas 
of high intensity, and the laJge dynamic range of the detector 
( ..... 1OS) is extremely useful ttl observe small variations which 
occur near strong features. Plate 3 shows the d"rffraction 
pai:tern of a surfactant in solution (lamellar and cubic phase) 
recorded with the detector on Bl4. X-ray detectors are 
also under construction for observation of smalJ-angle X...ray 
scattering from polymers at the advanced photon source at 
Argonne National Laboratory (collaboration with B.S. Hsiao). 
Newtechnical developments in detector construction include 
the miniaturization of eledmniccomponentsand a single sur-

face of interconnected "pad" eledrodes fer two-dimensional 
position encoding instead of the usual two cathode wire 
planes. The smaller elec::l;mnic components led ttl a redLldion 
in the size of the rea.d-oUl: system. thereby increasing the 
frequency range of the detector and reducing its susceptibility 
to parasitic: signals, while the cathode pad surface allows 
detectors to be construded in other than planar geometries. 
The MWPCs fur neutron difradion were imprwed as well. 
A cylindrical detector using the cathode pad technique is 
now being developed for use at III (11'1 collaboration with 
the Technica/ University of Munich and the University of 
Vienna). 
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Flood field rlIEIU1rOn image from an "EM8L." c:admim1 mask pIacec:l in 
front of a '100 mm x 100 mm The widIh of the tines 
forming !he Ierilers was 2..0 mm. 

A stancHione dm acquisition system 1'01" 
and newon MWPC 

(A. Gabriel, F. Cipriani 8: F. DalNergne) 

Due to their simplicity and robustness, MWPC detectors 
with delay-line read-out are increasingly used, especially 
in neutron diffraction where there is a growing demand for 
small-size high resolution two-dimensional detectors. It is 
well known that the data acquisition modules are the weak 
point of the system, and it is always a difficult problem to 
conned a new detector to disparate or out-of-date elec-
tronics, which is why an in-house stand-alone solution has 
been developed. The eledmnic::s uses two time-to-digital 
converters and a FIFO module connected to a personal 
computer through a parallel acquisition card. H"lStograms 
are built directly in the computer memory under intell'l.ipt 
Depending on the computer speed, acquisition rates up to 
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250 kHz can be achieved (with peak rates up to 2 MHz before 
the FIFO). Acquisitions are controlled and displayed by 1he 
"ToSse" software which has been developed in-house for 
a Macintosh computer. Plate 4- shows a flood field neutron 
image of a mask placed in front of a 100 mm x 100 mm 
detector, illustrating the 2 mm resolution pmcluced with this 
system. 

Quasi nllW'tmn Laue dlffrad:ometer 
(F. Cipriani, J.e. Castagna, M.S. lehmann, 
p. Oleinek & C. Wilkinson) 

The quasj..l...aue diffradometer (lAD!) which was constructed 
at EMBL and which uses neutron-sensitive image plates has 
been installed on the H14 cold neutron guide at the ILL The 
detector surface is cylindrical with a radius of 31 S mm and 
has image plates oowring an area of 800 mm x 400 mm. 



PLATES 

Neu1ron diffiaclioll Laue pa1Iem from a crys1aI of lIetragonal 
lysozyme recorded on 1he neutron sensitive image plates of 1he 

LAOI dilflCdJmellel at ILL. Data were obseNed 10 a imit of 2.1 A 
(collaboration wi1h N. Niirnura, JAERI. Japan). 
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comprising eight million 200 ,.un x200 pm pixels, which are 
read out in five minutes. Data from a 2 mmS crystal of triclinic 
lysozyme using the full white beam (2 A-8 A neutrons) were 
observable to 3 A ckpacing, the limit being imposed by 
the incoherent scattering from hydrogen atoms. This limit 
was improved to 2.4 A by soaking the crystal in and 
narrowing the bandwidth of the incident beam to 3 A-4 A, 
using a multi-layer monochromator. Further improvement (to 
2.1 A d-spacing) was achieved by installing more sensitive 
image plates (collaboration with N. Niimura, JAERI, Japan) 
and using these plates,. a similar rnnit (2.1 A) was reached 
with crystals of tetragonal lysozyme (plate 5), which has a 
larger unit ceD. Data have also been coUectecl from crystals 
of concanavafm-A (collaboration with J. HelliweD, University 
of Manchester) which are currently being analysed. The 
instrument will be fully automated in 1996, using VMEIOS9 
electronics and a UNIX workstation. 

Large X-ray image plate reader 
(F. Cipriani, J.e. Castagna, L CIaustre, 
M. Nagel, H. Blampey & C. Wilkinson) 

The Weissenberg diffraclcmeter on the macromolecular 
crystallography BUO beam-line at ESRF wiD use image 
plates which can be read with an off-line X-ray image 
plate reader based on the neutron laue diffractometer de-
scribed above. The reader, which is being constructed in 
collaboration with ESRF. is designed to accept plates of 
SOO mmx400 mm, has a read time of 5 to 10 minutes 
and a pixel size of 100 pm x 1 00 pm, giving 32 Mpixels (64 
Mbytes) of data in each image. The image plates, which are 
flexible, are stored in a cassette which can hold 16 plates, 
and are transferred by a mbotfor exposure on the tIat vacuum 
"waIr of the diffraclDmeter. After exposure, the plates are 
replaced by the robot in a second -exposed" cassette which 
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PLATE 6 

Off../ine x-ray image pIaIe reader designed for use with plates 
frcm Ihe BL20 Weissenberg cllf.-*'IrIeter at ESRF. After ecpos&I'e. 
plates of 800 mm x400 mm are ted aulDmatically frcm a casseae 

and held under vacuum on a rOIaIing drum whie being read, befare 
being re11SmeC11D Ihe same casseae. 
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can be mounted on the image plate scanner. An autDmatic: 
mechanism then removes the plates from the cassette and 
transfers them to the outside of the scanner cylinder where 
they are held in place by vacuum while being read-out (plate 
6). The high read-out speed requires a fast anaJogue-to-
digital integrating system; the incoming read-out current from 
the photomultiplier tube is amplified and coded by a 16 bit 
2 MHz over-samplinglsumming ol9itizet Special care has 
to be taken with the printed circuit board layout and the 
decoupling of the power supply to reduce noise and improve 
stability. VME electronics are being used, controDed by a C++ 
software running under0S9, while the reader is controlled by 
a UNIX workstation in a alent server architecture. The VME 
and the workstation are connected by a private ETHERNET 
rmk to guarantee the high speed data transfer required. 
To simplify the cataIogueing and management of images. 
bar code identification and a database will be used (see 
below). 
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INTRODUCTION 

The EBI's new, permanent building was completed in the summer of 1995, and 
was occupied at the beginning of September. Occupation involved the transfer 
and re-installation of all the central computing and network equipment 
previously accommodated in the temporary building, which was achieved with 
only a very short interruption in the provision of services (<3 hours), and 
thus went largely unnoticed by users. Some facilities, such as the library, 
meeting rooms, cafeEeria etc will not be available until the summer of 1996, 
and the on-site conference centre will not be ready for use until 1997. 

The additional space offered by the new building allowed the first phase of 
the EBI's expansion plans to be initiated, and by the end of the year staff 
in post (all Programmes) numbered about 50. By the end of 1996, staff 
numbers are expected to rise to aroun& 90. 

Further progress has been made in establishing the EBI Research Programme, 
with the transfer from Heidelberg of Chris Sander and his colleagues. Three 
additional Group Leaders are to be appointed next year. 

The planning of the Industry Support Programme was completed during 1995. It 
nas received financial support from the EU and from a number of leading 
9harmaceutical companies, and will be officially launched early next year. 





Program Coordinator: Graham Cameron 
Group beader: Peter Stoehr 
Scientists, Engineers, Assistants: R. Apweiler, T. Black*, S. Cliff, J. Cop-
pieters, M. diTommaso, K. :9888, D. Emmert, T. Flores, M. Garcia Pastor, 
A. Gateau, R. Harper, D. Higgins, -K. l:iJ;S81leD., V. JUDker, P. Kallblad*, K. 
Kruszewska*, L. Landeman, A. Malik, M. McGowran, C. Merino-Caminero, 
F. Lang, C. O'Donovan, I. O'Sullivan*, G. Oestreicher, R. Omond, P. Rodriguez-
Tome, S. Rose*, B. Shomer, J. Sleep*, J. Smith*, P. Sterk, S. Stewart*, G. 
StOBer, M.A. Tuli, R.J. White, S. White*, P. 
Research Students: K. Jungfer*, C. Notredame, E. O'Brien*. 
VISiting workers: A. Bairoch, P. Clarke, C. Helgesen, C. Saccone. 
A8:mi::B:istFatiisft: D. SeaeP.S. 

Introduction 

The EBI is now installed in its new building completed during the swnmer 
1995. The transfer from the old building to the new one went unnot.iced 
by the users. New network services have been introduced, while CD-ROM 
distribution of the databases continues. 

The Data Collections 

Nucleotide sequence data 

The rate of growth of the database continues to accelerate. Release 45 (De-
cember 1995) has more than 425 millions bases from 622,566 entries. TIlls 
means the database has grown by more than 50% in the last year. Apart. 
from the EST sequences from the WashU-Merck EST project, large quanti-
ties of tills new nucleotide sequence data come from the genomic sequencing 
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projects (Table 1). Figure 1 summarises the growth of this database and 
Figure 2 the proportions represented by the top ten genomes present in the 
database. 

-An important development has been the development and implemen-
tation of a mechanism to represent cross-references to external databases. 
The new feature table qualifier / db..xref has two components to the cross-
reference value, the name of the database and the identifier within that 
database being referenced, formatted as follows: 

Idb_xref="database:identifier" 

For example, a cross-reference from a CDS feature to the database 
SWISS-PROT indicates that this feature corresponds to the entry in the 
SWISS-PROT Protein Sequence Database with the given accession num-
ber, ego 

Idb_xref="SWISS-PROT:P22032" 

TIllS development represents part of a general thrust Co enable simulta-
neous use of a wide range of information sources. 

The collaboration continues with our international partners, the NCBI 
in the United States and DDBJ in Japan. All new and updated database 
entries are exchanged between the groups on a daily basis. In the spring of 
1995 the Annual Collaborative Meeting of the nucleotide sequence databases 
took place at Hinxton. During this meeting, the qualifier was one 
of a number of annotation enhancements agreed. Also new mechanisms to 
handle sequences typical of today's projects - EST's and very long genomic 
sequences - where discussed. 

Data from genome sequencing projects 

The number of genome projects directly submitting sequences cont.inues to 
increase. The current projects taking advantage of this route are listed in 
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Table 1. Over 7% of the bases submitted to the nucleotide databases over 
the year were via this path. The result is that human sequences now account 
for about 40%0£ the database with C.e1egans and yeast moving to second 
and third place. Figure 2 shows the "top ten" species in the database. 

Project Entries Bases 
C.elega.ns nematode project 951 9,947,521 
European Drosophila Mapping Consortium 1,262 303,715 
French Arabidopsis eDNA project GDR 5,682 1,865,659 
Genexpress Genethon 30,154 8,819,578 
Genexpress Munich 1,363 405,350 
HIV project Amsterdam 753 223,991 
Human genome project Sanger Centre 12,126 3,425,007 
MHC project Tuebingen 179 64,259 
Mycoplasma capricolum NCHGR 325 189,911 
S.cerevisiae yeast project 660 2,126,818 
Sanger Centre Yeast Chromosome IV 18 
Sanger Centre Yeast Ch.romosomeXIII 41 1,014,694 
Sanger Centre Yeast Chromosome XVII 4 123,471 
UK Human Genome Mapping Project 1,877 399,858 

Table 1: Data from Sequencing Projects 

Protein sequence data 

The protein sequence databank grew to about 17.4 million 
amino acids (in nearly 50000 sequence entries) in the course of the year 
(Figure 3). A lot work was done to take advantage of new coding sequence 
identifiers in the nucleotide sequence database to cross-reference 
PROT entries to the CDS level rather that the previous cross-references to 
whole entries. To ensure the rapid ava.ila.bility of protein sequence informa-
tion, without diluting the quality standards of with incom-
pletely annotated sequences, we worked on the development of a computer-
annotated supplement to which consists of entries in 
PROT format derived from the translation of all coding sequences (CDS) in 
the EMBL nucleotide sequence database which are not already represented 
as full entries. We name this supplement TREMBL 
lation from EMBL). TREMBL will be distributed with the first 1996 release 
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of SWISS-PROT. 

SWISS-PROT selected for special attention a number of organisms that 
are targets of genome sequencing and mapping projects. It is intended that 
in -future SWISS-PROT will take account of their importance by including, 
among other things, high levels of annotation, cross-references to specialised 
databases, speci:fi.c indices and other related information. The current status 
for the selected genomes are given in Table 2. 

Organism Database cross-referenced Number of sequences 
B.subtilis SubtiList 1389 
C.elegans WormPep '924 
D.discoideum DictyDB 213 
D .melanogaster FlyBase 768 
E.coli EcoGene 
H.sapiens MIM 3,:281 
S.cerevisiae LISTA/SGD 3391 
S.typhimiurium StyGene /603 

Table 2: SWISS-PROT Targetted Genomes and Associated Da.tabases 

Data and information access 

The EMBL Nucleotide Sequence Database has developed and implemented a 
new means for submission of nucleotide sequence data - the EBI WWW Sub-
mission Tool. This WWW Submission Form allows submission of nucleotide 
sequence data and associated biological information to the database using 
the World Wide Web. (URL: http://www.ebi.ac.uk.Jsubs/emblsubs.html) 

SRS, written by Thure Eztold at EMBL, has become the main search 
and retrieval tool for the external services. Services have been added to 
both FTP and WWW to allow database searching and retrieval based on a 
variety of query types. Further development of this tool has been carried out, 
predominantly involving a port to PCs and adding the ability to utilise the 
CD-ROM databases. Much time and effort has been invested in organising 
the EBrs WWW pages to include detailed documentation and links to the 
many services that are available. This is becoming the preferred mode of 
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access to the EBI services. 

access 

Network access to the EBI services has dramatically increased. FTP traffic 
at more than 6Gb transferred in an average week is still the primary route. 
WWW access bas increased six fold while Gopher access has almost disap-
peared. These resources are used predominately by EMBL Member States, 
but are also popular with other countries throughout the world (Figure 4). 

Other database projects 

Sequence Databases 

Both the databases for expressed sequence tags (dbEST) and for sequence 
ta&:,aed sites (dbSTS) are mirrored from the NCBI, with the EBI acting as a 
collection and distribution point. These two databases can be queried using 
the SRS program. 

RHdb 

The Radiation Hybrid database (RHdb) is a new development of the EBI, 
with a first release made in July 1995. It is an archive of raw data (ie 
PCR results on radiation hybrid panels) and mapping information with links 
to related databases. There are now about 8000 (raw data) entries and 
radiation hybrid linkage maps for the 23 human chromosomes. 
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Il\fGT 

The ImMunoGeneTics database (!MGT) is a database containing nucleotide 
sequence information on genes important in the function of the immune 
system. It contains sequence information for 26 different species. It is 
a collaboration with three other laboratories in Europe (LIGM in France, 
ICRF in the UK, and the Univ. KaIn in Germany). 

BioCatalog 

The BioCatalog lists information about software of general interest in molec-
ular biology and genetics. There are now 450 different applications described 
in the catalog, with information about ther authors and availability. The 
number of queries of the BioCatalog through the WWW has increased to 
an average of 150 connections per day. 

New additions to the database distribution 

The data. library continues to act as a distribution centre for a large variety 
of molecular biological databases, in total around 50 independent databases. 
There were several additions in this year, including: 

androgen an androgen receptor mutations database. Developed by Dr. 
Bruce Gottlieb from the Jewish General Hospital in Montreal (Quebec, 
Canada). 

ptJ.1L a database of structural domains in 396 representative structures, pro-
duced automatically by the program Puu (Holm and Sander, EMBL). 

6 



Research and development 

Clustal W 

Clustal W is the result of a collaboration between Des Higgins at Hinxton 
and Toby Gibson and Julie Thompson at EMBL-Heidelberg. It is a complete 
rewrite of the well known Clustal V program for multiple sequence alignment 
and pbylogenetic tree construction and is very widely used. During 1995 we 
continued to develop and upgrade the package. The main new additions 
concern the use of an improved profile alignment method for adding new 
sequences to an existing alignment using tree bases sequence weights and 
the automatic adjustment of position specific gap penalties when sequences 
of known secondary structure are used. The latter is triggered when Swiss-
Prot protein sequences are used which have the positions of helices and 
strands marked. 

Genetic Algorithms 

Clustal uses a heuristic method for multiple alignment; more exhaustive 
and exact methods do exist but are computationally prohibitive for medium 
to large size problems. These involve searching for the alignment which 
gives tbe "best" score, given some measure of multiple alignment quality 
(an objective function). We have developed a method for doing this using 
genetic algorithms. Using this approach, we can a,chieve with 
"better" scores than those from any other available method. The main 
attraction of this approach, however, is the ability to use any objective 
function one likes; there is no restriction on the form of the function, unlike 
most other methods. Further, the method uses a sophisticated self-tuning 
scheme which a.utoma.tically optimises the use of 30 operators for combining 
and mutating alignments during the run. This allows one to quickly adapt 
and modify the approach for new purposes. 
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Pattern Finding 

The work resulted from a visit by Inge Jonassen from Bergen University to 
the- EBI. Later, a visit by Carsten Helgesen from Bergen College extended 
the work. The initial project was to develop an automatic method for finding 
biologically realistic patterns in sets of unaligned protein sequences; the 
patterns that are used in the PROSITE database for example. Existing 
methods could find patterns that allowed limited use of ambiguous pattern 
elements (such as J,L,V or any hydrophobic amino acid or any positively 
charged residue) or flexible regions (like gaps between pattern elements) but 
not both. Inge developed an efficient algorithm and software package called 
PRATT for finding patt.erns with both types of element. For example, if 
it is run on all of the members of the zinc finger C2H2 family listed in 
PROSlTE (from over 240 sequences), it finds the zinc finger pattern in 
about 30 seconds. Later, Carsten Helgesen worked on the problem of scoring 
functions for patterns i.e. functions that allow one to rank patterns in terms 
of their potential biological significance. We developed one measure that is 
Jx'\Sed on using phylogenetic trees that looks promising. 

Linking Biological Databases 

There are an ever increasing number of general purpose and specialist databases 
used in biological research. The EBI is maintaining or collaborating in nu-
cleotide sequence, protein sequence and mapping databases. There is a 
need for an effective mechanism capable of utilising data from more than 
one source. We have looked at the different definition languages developped 
or used within the biological research area (ASN.l, CIF, ACE, OPM). We 
h.we chosen to use CORBA (Common Object Request Broker Architecture) 
as the central framework in which the EBI databases and services will in-
teroperate. 

In the latter part of the year and EU sponsored workshop on linking 
biological databases was hosted by the EBI and as a consequence a number 
of important colloaborations to promote interopera.bility between EBI and 
other European information sources began. 
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Publications during the year 

Apweiler R., Kuehnle, H.F., Ritter, G., Schell, R. & Freund, P.(1995). Ef-
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Resistance in Lean and Obese Zucker Rats. Metabolism, 44,577-583. 

Bairoch, A. and Data Library Staff (1995). SWISS-PROT release notes 
and user manual. Releases 30, 3l. 

Data Library Staff (1995). EMBL Data Library Release Notes and User 
Manual. Releases 42,43,44,45. 

Fuchs, R. & Cameron, G. (1995). Databases, computer networks, and 
molecular biology In DNA Cloning 3, A practical approach: eds. Glover, 
D.M. & Hames, B.D.; lRL Press., pp. 151-173. 
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in unaligned protein sequences. Protein Science, 4,1587-1595. 

Lefranc, M.-P., Guidicelli, V., Busin, C., Malik, A., Mogenot, I., Deliais" 
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of Ig and TcR, part of thelmmunogenetics database". A of the 
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bromide in the chromonic lyotropic phases of drugs and nucleic acids. 
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Collaborations 

Related Database: EMBL 

DDBJ Nucleotide, National Institute of Genetics, 1111 Yata, Mishima, 
Shizuoka. 411, Japan. 

NCBI National Center for Biotechnology Information, Nucleotide 
Database Collaborators National Institutes of Health, Bethesda, 
USA. 
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Rela.ted Da.tabase: SWISS-PROT 

-
Amos Bairoch, Depanement de Biochimie Medicale, Centre Medicale 

Universita.ire, 9 avenue de Champe1, 1211 Geneve, Switzerland. 

Related Database: MSD 

Brookha.ven National Laboratory, USA. 

Related Database: BioCatalog 

Philippe Gesnouin, ThTFOBIOGEN, 7 rue Guy Moquet - BP8, 94801 
Cedex, France. 

Denise Levy, LIRMM, 161 Rue Ada., 34392 Montpellier Cedex 5, 
France. 

Jean Morissette, Dept. de Genetique, CHUL, 2705 Blv Lausier, 
Quebec, Canada. . 

Anne Philippi, INSERM U358, 1 rue Claude Vellefaux, 75010 Paris, 
France. 

Gareth Williams, MRC-HGMP Resource Centre, Hinxton Hall, Hinx-
ton, Carobs CBIO IRQ, United Kingdom. 

Related Database: RHdb 

David Cox, Stanford University, 855 California A venue, Palo Alto, 
California. 94304, USA. 

Richard Durbin, The Sanger Centre, Hinxton Hall, Hinxton, Cambs 
CBI0 IRQ, United Kingdom. 

Michael James, University of Oxford, The Welcome Trust Centre 
for Human Genetics, Nuffield Orthopaedic, Centre Windmill Rd, 
Oxford OX3 7BN, United Kingdom. 

Deloukas Panagiotis, The Sanger Centre, Hinxton Hall, Hinxton, 
Ca.rnbs CBI0 IRQ, United Kingdom. 

Catherine Rice, The Sanger Centre, Hinxton Hall, Hinxton, Cambs 
CBlO IRQ, United Kingdom. 

James M. Sikela, Dept. of Pharmacology, Box C236, UCHSC, 4200 
E. Ninth Ave., Denver, CO 80262, USA. 

Lincoln Stein, Whitehead Institute/MIT Genome Center, One Kendall 
Square, Cambridge MA 02142, USA. 

10 



Jean Weissenba.ch, Genethon, 1 rue de l' Internationale, 91000 Evry, 
France. 

Related Database: ECD 

Manfred KrOger, Inst. f. MikrobioL und Molekularbiol., Justus-
Liebig-Univ., Giessen Frankfurter Str. 107, 6300 Giessen, Ger-
many. 

Related Database: EPD 

Philipp Bucher, ISREC, Lausanne, Switzerland. 

Related Database: FlyBase 

Pro Michael Ashburner, Department of GenetiCS, Downing Street, 
Cambridge CB2 3EH, United Kingdom. 

Rela.ted Database: HLA 

Steven Marsh, ICRF, Tissue Antigen Lab., PO Box 123, Lincoln's 
Inn Fields, London WC2A 3PX, United Kingdom. 

Related Database: !MGT 

Marie-Paule Lefranc, Lab. d'Immunogenetique Moleculaire, UMR 
CNRS 9942, Institute de Genetique Moleculaire BP 5051, 1919 
route de Mende, 34033 Montpellier Cedex 1, France. 

Werner Muller, Inst. f. Genetik, Universitat Koln, Weyer-tal 121, 
50931 Koln, Germany. 

Related Database: MitBase 

Cecilia Saccone, Istituto di Chimica Biologica, Universita di Bari, 
VIa Amendola 165/ A, 1-70100 Bari, Italy. 

Related Database: Patent Data 

Arnold van Putten, European Patent Office, P.B. 5818, Patentlaan 
2, 2280 HV Rijswijk (ZH), The Netherlands. 

Related Database: P53 
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M. Hollstein, World Health Organisation, Centre International de 
Recherche sur Ie Cancer (International Agency for Research on 
Cancer) 150 cours Albert Thomas, 69372 Lyon Cedex 08, France. 

ReTated Database: TRANSFAC 

E. Wingender, Department of Genome Analysis, GBF, Masheroder 
Weg 1, D-38124 Braunschweig, Germany. 

Research and developments 

Service Provision: MPsrch 
John Collins, Biocomputing Research Unit, Department ofMolec-

ular Biology, University of Edinburgh, Edinburgh EH9 3JR, 
United Kingdom. 

Servi('.e Provision: GeneMark 
Mark Borodovsky, SellOol of Biology, Georgia Institute of Tecb-

nology, Atlanta, GA 30332-0206, USA 
Dr. Emmanuel Barillot, INFOBIOGEN, 7 rue Guy Moquet - BP8, 

94801 V.illejuif Cedex, France. 
Carsten Helgesen, Research and Development Insititute for Infor-

matikk, HiB, Universitetet i Bergen, Bergen, Norway. 
Daniel Doran, Adviser F. Hoffrna.n.n-La Roche Ltd, CH-4002 Basel, 

Switzerland. 
Elsevier Science Publishers B. V., Electronic Publishing Division, Molen-

werf 1, 1014 AG Amsterdam, The Netherlands. . 
Andy Waters, Research and Development, Laboratorium voor Par-

asitologie, Universiteit te Leiden Postbus 9605, 2300RC Leiden, 
The Netherlands. 

Funs Wessels, Circle Software Group, Noord Brabantlaan 5651 lx, 
Eindhoven, The Netherlands. 

Frank Wright, Research and Development, Scottish Agricultural Statis-
tics Service, University of Edinburgh, Edinburgh EH9 3JR, Scot-
land. 

EMBnei 

Dr. Martin Bishop, The HGMP Resource Centre Hinxton Hall, Hinx-
ton, Cambs CBlO IRQ, United Kingdom. 
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Alan Bleasby, SERC Daresbury Laboratory, Warrington, Cheshire 
WA4 4AD, United Kingdom 

.Jose-Maria Carazo, Centro de Biologia. Molecular, Universidad Au-
tonoma., Campus de Cantob1a.nco, Madrid 28049, Spain. 

Dr. Weiyun Chen, Dept. of Molecular Biophysics, DKFZ, 1m Neuen-
heimer Feld 280, D-69120 Heidelberg, Germany. 

Philippe Dessen, Service de Bioinformatique, CNRS INSERM, 7 rue 
Guy Moquet-BP8, 94801 Vilejuif Cedex, France. 

Reinha.rd Doelz, Biocomputing,Biozentrum der Universitaet, KIin-
gelbergstrasse 70, CH 4056 Basel, Switzerland. 

Leon Esterman, Biological Computing Division, Biological services, 
Weizma.nn Institute of Science, Rehovot 76100, Israel. 

Pedro Fernandes, Instituto Gulbenkian de Ciencia., Apartado 14,2781 
Oeiras Codex, Portugal. 

Peter Gad, Computing Department, Biomedical Centre, Box 570, S-
751 23 Uppsa.la,Sweden. 

Martin Grabner, Bio Computing Center, University of Vienna., Dr. 
Bohr-Gasse 9, A-I03 0 Wien, Austria.. 

Robert Herzog, Belgian EMBnet node, ULB/VUB Computing Cen-
ter, C.P. 300, 50 Av. Franklin Roosevelt B-I0SO Brussels , Bel-
gium. 

Heikki Leivaslaiho, Finnish State Computer Centre, P.O. Box 40, 
SF-02101 Espoo, Finland. 

Rodrigo Lopez, Biotechnology Center of Oslo, Gaustadalleen 21, N-
0371 Oslo, Norway. 

Hans-Werner Mewes, MIPS am Max-Planck. Institut fr Biocbemie, 
Klopferspitz, W -8033 Martinsried, Germany. 

Hans-Ullitz Moller, BioBase Ole Worms alle, Bygning 170, Aarhus 
Universitet, DK-8000 Aarhus C., Denmark. 

Jan H. Noordik, CAOS/CAMM Center Faculty of Science University 
ofNijmegen, Toemooiveld, 6525 ED Nijmegen, The Netherlands. 

JozsefRemenyi, Agricultural Biotechnology Center, Szent-Gyorgyi u. 
4, 2100 Godollo, Hungary. 

Sandor Pongor, ICGEB Padriciano 99, 34012 'Itieste, Italy. 
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Cecilia Saccone, Istituto di cliimica Biologica., Universita di Ba,ri, 
VIa Amendola 165/ A, 1-70100 Bari, Italy. . 

Babis Savakis, Institute of Molecular Biology and Biotechnology, Re-
search Centre of Crete, P.O.Box 1527, Hera.klion Crete, Greece. 

Sandor Suhai, German Cancer Research Center, 1m Neuenheimer 
Feld 280, 6900 Heidelberg, Germany. 
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