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Cell Biology Programme 

Introduction: 

The main challenge in contemporary cell biology is to under-
stand 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 intermediate filament 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 ne-
cessitated 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 permeabilized 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 re-
sponsible for membrane trafficking, cytoskeletal and nuclear 
pore function and the mitotic apparatus. 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 inaccessible are 

yielding to experimental attack. Several examples will be 
found in the research reports that follow. 

One new group has been added to the Programme. 
Cayetano Gonzales is from the Spanish school of 
Drosophila developmental genetics. He will introduce this 
powerful strategy to analyse microtubule function in chro-
mosome segregation. 

Although our tools for studying the basic mechanisms for 
generating and maintaining cellular organization have been 
continuously improved during the last decade, it is obvious 
that these tools have to be 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 Cellular Biophysics Programme to develop micro-
scopic 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 suing both destructive and non-destructive intervention. 
Such assays are already being used to study microtubule 
dynamics, membrane traffic and intermediate filament func-
tion. 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. 

5 



Biogenesis of epithelial cell surface polarity 

Group leader: K. Simons 

Fellows: P. Auvinen, S. Eaton, K. Fiedler, A. Fra, L. Huber*, E. Ikonen, F. Latont, M. Murata, J. Peranen, S. Pimplikar, P. Scheiffele, T. Yoshimori 

Visitor: P. Palestini* 

Assistants: S. Rut, H. Virta 

One of the astounding 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 
characteristic form is an enigma that will occupy biologists 
for years to come. Cellular morphogenesis involves a com-
plex interplay between signal transduction, gene expression, 
organelle biogenesis, membrane trafficking and dynamic 
cytoskeletal 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 mor-
phogenesis 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 genera-
tion 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 different 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 basolat-
eral proteins to study polarized sorting and segregation in 
filter-grown MOCK cells. 

Biosynthetic sorting in trans-Golgi network (K. Fiedler, 
E. Ikonen, F. Lafont, M. Murata, J. Peranen, S. Pimplikar, P 
Scheiffele & T. Yoshimori) 

To identify the molecular machinery involved in the sorting 
and targeting of apical and basolateral components in the 
trans-Golgi network (TGN) we have isolated the transport 
vesicles from MOCK cells. The protein composition of the 
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apical and the basolateral vesicles were analysed by two-
dimensional gel electrophoresis and were found to contain a 
number of proteins in common, as well as components that 
were enriched up to 40-fold in one fraction relative to the 
other. Since there is no synthesis of cellular proteins under 
the conditions of viral infection used, the non-viral proteins 
in the vesicles are probably essential, perhaps recycled, 
components of the machinery involved in sorting, vesicle 
budding, movement, docking or fusion, and are therefore 
interesting candidates for further analysis. We reasoned 
that the apical or the basolateral viral glycoproteins should 
form complexes with constituents of the transport vesicles 
that were components of the putative sorting machinery. 
This was indeed the case, but only for the apically direct 
influenza virus haemagglutinin and not for the basolaterally 
targeted vesicular stomatitis virus (VSV)-G protein. We ex-
tracted the transport vesicles with several detergents under 
different conditions and found that the basolateral VSV 
glycoprotein was always retrieved in an uncomplexed state. 
After solubilization with the zwitterionic detergent CHAPS, 
the apical haemagglutinin was found almost exclusively in 
a high molecular weight complex. Analysis of the protein 
composition of the complex revealed only a small number 
of vesicle proteins. Most important was the observation that 
this large complex was formed only after the newly synthe-
sized haemagglutinin had become terminally glycosylated. 
A crucial finding was the realization that this protein complex 
could also be isolated directly from uninfected MOCK cells 
by CHAPS extraction of a smooth membrane fraction from 
a postnuclear supernatant. This simple purification proce-
dure has enabled us to purify several of these proteins for 
amino-acid sequencing. The complementary ONAs (cONAs) 
encoding two of the proteins have been isolated and se-
quenced: VIP (vesicle integral protein) and VIP36. VIP21 
is a 21 kOa protein with a 33 amino-acid transmembrane 
domain. The protein presumably forms a hairpin structure 
within the bilayer with both the amino- and carboxy-terminal 
segments protruding into the cytosol. Immunoelectron mi-
croscopy studies demonstrated that VIP21 was present in 
TGN and the plasma membrane, highly concentrated into 
plasmalemmal invaginations called caveolae. We assume 
that the protein is cycling between the Golgi complex and 
the plasma membrane and might playa role in the assembly 
both of apical vesicles and of caveolae. 



VIP36 is a 36 kDa transmembrane protein with a type I 
topology. The bulk (31 kDa) of the protein is extracytoplas-
mic and only an 11 amino-acid carboxy-terminal segment 
is on the cytoplasmic side. VIP36 is localized to the Golgi 
complex to endosomal and vesicular structures, and to the 
plasma membrane. It is diffusely localized on the cell surface 
but can be redistributed to caveolae and clathrin-coated 
pits upon addition of exogeneous antibody. This protein 
is presumably cycling between the cell surface and the 
Golgi complex. The most interesting feature of "'lf36 is 
its homology with leguminous plant lectins. Moreover, the 
lectin domain of VIP36 highly homologous to the 
290-residue amino-terminal segment of ERGIC 53, a protein 
localized to the intermediate region between the endoplas-
mic reticulum and the cis-Golgi. These two proteins are the 
first mammalian members of this large family of plant lectins. 
The carbohydrates recognized by VIP36 and ERGIC 53 
have not yet been identified. However, it is conceivable that 
the carbohydrate side chains of newly synthesized proteins 
or lipids could be their ligands. If so, carbohydrates may be 
playing a more important role in biosynthetic transport than 
has been assumed until now. One puzzling feature of both 
VIP21 and VIP36 is that they are found not only in apical 
but also in basolateral vesicles. There are several possible 
explanations of this distribution. The protein might represent 
cycling cargo and not be involved in apical transport at all, 
but might carry out their functions elsewhere, for example, 
in caveolae. An alternative view is that they function in 
both apical and basolateral transport. However, the model 
that we favour is that these proteins are complexed to the 
apical marker, influenza virus haemagglutinin, as functional 
components implicated in apical delivery. VIP21 and VIP36 
could be moving in the basolateral vesicles only as passen-
gers for delivery to the site where apical transcytosis takes 
place. Here they could complex with cargo to be transported 
to the apical membrane. The two routes to the apical mem-
brane, direct delivery from the TGN and transcytosis from 
the basolateral endosomes may use similar machinery. If 
this were the case, then one would assume that VIP21 and 
VIP36 were present in the basolateral vesicles in uncom-
plexed forms. A recent comparison of the oligomeric states 
of VIP21 and VIP36 in the apical and basolateral vesicles 
has demonstrated that this indeed is the case. 

Further characterization of machinery components has iden-
tified the small GTPase, Rab8, as a regulator of baso-
lateral transport. Interestingly, Rab8 is closely related to 
the Saccharomyces cerevisiae Sec4 protein and to the 
Schizosaccharomyces pombe Ypt2 protein. Since Sec4p 
and Ypt2p are involved in regulating transport from the 
Golgi to the cell surface, this fits well with the postulated 
role for Rab8 in post-Golgi transports.This equivalence in 
function between Sec4p and Rab8 has given us further 
clues to basolateral transport machinery. It is known that 
two proteins, N-ethylmaleimide-sensitive fusion (NSF) and 
a-SNAP (soluble NSF attachment protein), first identified 
as participants in vesicle docking and fusion in intra-Golgi 
transport are also required for post-Golgi transport to the 
cell surface in budding yeast. Moreover, v-SNAREs and 
t-SNAREs have also been identified in transport from the 
Golgi to the yeast plasma membrane. Our recent results 
also demonstrate an involvement of both NSF and a-SNAP 

in basolateral transports. SNAREs are probably part of the 
vesicular delivery mechanism since basolateral transport 
is inhibited by tetanus toxin addition to the streptolysin 
O-permeabilized MDCK cells. Thus, basolateral transport 
seems very similar in many aspects to the pathway from the 
Golgi to the plasma membrane bud in yeast. An intriguing 
question we face in solving the problem of apical delivery 
is how does the machinery provide specificity to the target-
ing? Our present evidence is against involvement of NSF, 
a-SNAP, or SNAREs. Also Rab proteins may be absent be-
cause Rab-GDI does not inhibit apical transport although it 
does inhibit basolateral delivery. The data seem to point to a 
mechanism different to that in basolateral delivery. The only 
protein enriched in apical transport vesicles that we have 
so far identified is a protein belonging to the annexin family. 
Isolation of the cDNA encoding this protein revealed that 
it is a new isoform, annexin Xillb, of an epithelial-specific 
subgroup of the annexin family that includes the previously 
described intestine-specific annexin Xilla. Annexin Xilib dif-
fers from annexin Xilia by an insert of 41 amino-acids in the 
amino-terminal region, presumably generated by differential 
splicing. Annexin Xilib is only expressed in dog kidney and 
intestine. Antibodies specific to annexin Xilib inhibited the 
transport of influenza haemagglutinin to the apical surface of 
streptolysin O-permeabilized MDCK cells, while transport to 
the basolateral surface was not affected. Our data suggest 
that annexin Xilib could playa functional role in apical trans-
port. The involvement of annexins in membrane-membrane 
interactions has previously been well documented but so 
far no convincing data exist for their exact functions in the 
cellular context. Our working hypothesis for epithelial protein 
sorting is shown in Plate 1. 

c:;::::;:=" 

PLATE 1 

The working hypothesis for protein sorting in MDCK cells. 
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Characterization of caveolae 
(A. Fra with R. Parton) 

The finding of VIP21 in caveolae linked the formation of 
caveolae to the formation of apical vesicles in the TGN. 
Most interesting in this context is that glycolipids and gly-
cosylphosphatidylinositol {GPI)-anchored proteins that are 
preferentially routed to the apical membrane can also be 
concentrated in caveolae. Although these plasmalemmal 
invaginations have been postulated not to leave the cell 
surface, our recent results clearly document that caveolae 
are dynamic structures whicQ can be internalized. This pro-
cess seems to be regulated by kinase activity and requires 
an intact actin network. It is therefore possible that cave-
olar endocytosis represents the incoming leg of the VIP-
annexin mode of membrane trafficking. Although caveolae 
are present in many cell types they are not ubiquituous 
structures. We have recently shown that caveolae are miss-
ing from lymphocytes. Despite the lack of caveolae both 
the GPI-anchored protein Thy1 and the glycosphingolipid 
GM1 were present in detergent-insoluble complexes. Most 
interesting is the recent finding that introduction of VIP21-
caveolin into lymphocytes by transfection with Semliki For-
est virus vectors leads to the appearance of caveolae. 

Requirement of microtubule motors for 
basolateral and apical transport 
(F. Lafont with J. Burkhardt) 

The maintenance of a polarized cell surface requires vec-
torial transport of vesicles to the apical or the basolateral 
membrane domain. Transport of newly synthesized apical 
proteins and transcytosis from the basolateral to the api-
cal surface have been demonstrated to depend on micro-
tubules. In contrast, movement of vesicles to the basolat-
eral surface has been claimed to occur by diffusion and 
to be microtubule- and actin-independent. We reexamined 
the role of microtubules using a polarized transport assay 
in permeabilized MOCK cells. We have shown that both 
apical and basolateraltransport are inhibited by nocodazole 
treatment. Transportt6 the basolateral surface was inhibited 
by immunodepletion of cytosolic kinesin but not of dynein. In 
contrast, apical transport seemed to involve both dynein and 
kinesin. These data suggest that the movement of not only 
apical but also basolateral vesicles involves microtubules. 
The most likely interpretation for the differential requirement 
for kinesin and dynein in polarized surface delivery resides 
in the organisation of the microtubule network. In MOCK 
cells microtubules are organized in longitudinal bundles with 
most of the plus-ends of the microtubules directed towards 
the basal surface. There is also a dense meshwork of 
microtubules of mixed polarity above the nucleus. We pro-
pose that basolateral vesicles use kinesin-driven transport 
to move along vertical microtubule bundles to gain access to 
the basal surface and along horizontal microtubules above 
the nucleus to reach areas in close vicinity to the junctional 
complexes. Why the apical vesicles use both motors is 
not yet clear. It is possible that the apical vesicles use 
the microtubules in the dense apical meshwork in both 
directions. 
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The role of the actin cytoskeleton in epithelial 
organization (D. Auvinen & 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 
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 includ-
ing Drosophila and dog. We have investigated the specific 
and separate roles for these two proteins in organizing the 
wing imaginal disc epithelium during Drosophila develop-
ment. Cdc42, but not Rac1, is required for the apico-basal 
elongation of cells in the wing pouch during the third larval 
instar. Cdc42 protein is localized specifically to apical and 
basolateral 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. Rac1, but not Cdc42, is required 
to assembly actin at adherens junctions. Wings from flies 
that have reduced Rac1 activity and defective adherens 
junctions at the anterior-posterior compartment boundary 
display a non-autonomous growth defect. 
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Molecular mechanisms of lysosomal enzyme targeting 

Group leader: B. Hoflack 

Fellows: A. Alconada*, M. Camps*, B. Distel*, J. Lanoix*, R. Le Borgne, F. Mauxion, H. Munier-Lehmann 

-Visitors: J. Salamero*, N. Siva-Kumar* 

Assistant: U. Bauer 

The secretory and the endocytic pathways of eukaryotic 
cells are organized in several distinct membrane-bound 
compartments connected by vesicular transport. The first 
steps of vesicular traffic are the recruitment of coat-
components on the membrane of the donor compartment 
and the formation of a coated-vesicle. Meanwhile, some 
transmembrane proteins are segregated into the vesicle 
while some others are left behind. After vesicle budding, 
the coat components are released and the vesicle can 
recognize and fuse with the acceptor compartment. As a 
model system to study membrane traffic and segregation of 
membrane proteins in eukaryotic cells, we study transport 
of the newly synthesized, soluble hydrolases to Iysosomes. 

The lysosomal hydrolases, a group of different glyco-
proteins synthesized in the rough endoplasmic reticulum, 
acquire mannose 6-phosphate residues on their oligosac-
charides in the Golgi apparatus. This common recognition 
marker is recognized by two specific transmembrane pro-
teins, the mannose 6-phosphate receptors (MPRs). The 
MPRs are distributed over several intracellular compart-
ments. In the trans-Golgi network (TGN), they mediate 
sorting of lysosomal enzymes from secretory proteins. At the 
plasma membrane, they endocytose extracellular ligands. 
The MPRs are in rapid equilibrium between these compart-
ments and the early/late endosomes where they release 
their bound-ligands. 

One critical step in the transport of the lysosomal hydro-
lases is the segregation of their receptors into Golgi-derived 
vesicles and their delivery to endosomes. Our goals are to 
elucidate, in terms of protein/protein interactions, the dif-
ferent molecular mechanisms 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 
(H. Munier-Lehmann & U. Bauer) 

In mammalian cells, two related transmembrane glycopro-
teins bind the man nose 6-phosphate residues present on 
the N-linked oligosaccharides of the lysosomal enzymes 
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(Kornfeld, 1992; Hoflack & Lobel, 1993; Ludwig et al., 1995). 
The first is the cation-dependent MPR (CD-MPR) and the 
second the cation-independent MPR (CI-MPR). This latter 
is a bifunctional protein which also binds the insulin-like 
growth factor II, a non-glycosylated polypeptide involved in 
development. The available data suggests that this receptor 
functions at the cell surface as a "scavenger" for the extra-
cellular IGF II, thereby controlling the level of circulating IGF 
II and possibly signal transduction through the IGF I receptor 
which also binds this growth factor. 

The biological significance of the existence of two MPRs 
in mammalian cells has been an important question to 
solve. To understand how each MPR functions in lysoso-
mal enzyme transport, we have generated cell systems 
lacking either one or both MPRs. This was made possible 
by first cloning the mouse CD-MPR gene (Ludwig et al., 
1992) and disrupting this gene in mice using homologous 
recombination techniques (Ludwig et al., 1993). Although 
the lack of a functional gene is not lethal probably due 
to other mechanisms that compensate for the loss of the 
CD-MPR in vivo, the phenotype of CD-MPR-negative mice 
and derived fibroblasts showed that this receptor is a criti-
cal component which functions in intracellular transport of 
lysosomal enzymes. These CD-MPR-negative mice were 
crossed with Tme (T-associated maternal effect) mice which 
transmit to their offspring a chromosome 17 deleted around 
the CI-MPR locus (Barlow et al., 1991). Four different sets 
of primary fibroblasts were obtained from embryos that 
express 1) both MPRs, 2) the CD-MPR alone or 3) the 
CI-MPR alone or 4) lack both MPRs. Fibroblasts lacking 
either the CI-MPR or the CD-MPR secrete a part of their 
lysosomal enzymes and as a consequence are partially 
impaired in intracellular degradation as visualized by the 
accumulation of undigested material in the Iysosomes. Cells 
lacking both MPRs were almost completely impaired in tar-
geting their lysosomal enzymes and also exhibited a severe 
accumulation of material in their Iysosomes (Plate 2). These 
phenotypes resemble those of mucolipidosis II and III, two 
related human inherited storage disorders characterized 
by a low, or a complete lack of, activity of the enzyme 
that synthesized the mannose 6-phosphate recognition 
marker on lysosomal enzymes. This study (Ludwig et al., 



PLATE 2 

The lack of MPR induces the accumulation of undigested 
substrates in endosomes/lysosomes as observed in mucol-
ipidosis II, a human lysosomal storage disorder character-
ized by a lack of synthesis of the Man-6-P signal on the sol-
uble lysosomal enzymes. This figure represents immunoflu-
orescence micrographs of WT embryonic fibroblasts (A), 

embryonic fibroblasts lacking the CI-MPR (8) or lacking 
the CO-MPR (0) or both MPRs (C). These cells were la-
belled with an antibody against the membrane glycoprotein 
Lamp-1 taken as a marker of endosomes/lysosomes. Note 
that the number of these structures correlated the lack of 
MPR. 
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1994) demonstrated that the two MPRs are the major 
components of the Man-6-P dependent targeting system 
that function in concert for efficient intracellular targeting of 
lysosomal enzymes. 

The two MPRs appear to target in vivo different subsets of 
hydrolases due to differences in the phosphorylation pattern 
of their oligosaccharides. The evidence comes first from 
experiments in which each MPR was stably re-expressed 
in immortalized MPR-negative fibroblasts. We could show 
that, although low levels of expression of one MPR could 
readily correct partial (50%) of the bulk of the 
lysosomal enzymes, even high levels of expression of one 
MPR could never compensate for the loss of the other 
MPR. Second, using two-dimensional gel electrophoresis 
we showed that cells expressing either the CD-MPR or 
the CI-MPR (primary fibroblasts or MPR-negative fibroblasts 
stably re-expressing one MPR) secrete different lysoso-
mal enzyme isoforms. These data raised the question of 
how can the MPRs differentially interact with lysosomal 
enzymes which usually contain multiple oligosaccharides 
with one or two phosphomonoesters? The MPRs have 
different molecular structures. The CI-MPR is a monomer 
with two Man-6-P binding sites located close to each other 
so that they can accommodate oligosaccharides with two 
phosphomonoesters. In contrast, the CD-MPR which also 
binds lysosomal enzymes tightly, is made of two identi-
cal subunits, each containing one Man-6-P binding site. 
These latter are rather far from each other and the CD-
MPR does not interact well with oligosaccharides with two 
phosphomonoesters. Therefore, it was conceivable that in 
vivo the CI-MPR binds the lysosomal enzymes enriched 
in oligosaccharides with two phosphomonoesters while the 
interaction of the CD-MPR with lysosomal enzymes requires 
several oligosaccharides with one phosphomonoester. To 
test this hypothesis, we have analysed the oligosaccharides 
present on the lysosomal enzymes secreted by the different 
cell types (primary cells and stable clones) expressing one 
MPR or the other. Collectively, the data are consistent with 
the working model proposed above. Thus, two distinct but 
related MPRs are probably necessary to cover the wide 
spectrum of post-translational modifications found on the 
50 different hydrolases that are targeted to Iysosomes via 
this Man-6-P dependent mechanism. Depending on the 
phosphorylation state of their oligosaccharides, some hydro-
lases are sorted by CI-MPR while some others are sorted 
by the CD-MPR. Thus, our data provide the rationale for 
the existence of two MPRs in mammalian cells and could 
explain why metastatic tumor cells which are able to down 
regulate their MPRs exhibit a preferential secretion of some 
lysosomal enzymes but not others. 

MPR sorting and early stages of Golgi-derived 
clathrin-coated vesicle formation 
(R. Le Borgne) 

The trans-Golgi network (TGN) is the site where lysosomal 
enzymes are segregated away from the secretory pathway. 
There, the MPRs and their bound ligands are clustered 
into clathrin-coated vesicles that mediate transport to the 
early compartments of the endocytic pathway (Ludwig et 
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al., 1991). Similar carrier vesicles also mediate their endo-
cytosis from the cell surface. The Golgi- and the plasma 
membrane-derived clathrin-coated vesicles contain different 
subsets of assembly proteins (AP-1 and AP-2, respectively). 
AP-1 and AP-2 are related complexes made of four different 
subunits that promote clathrin assembly on membranes 
(Pearse & Robinson, 1990). Little is known about the molec-
ular mechanisms that lead to the preferential binding of as-
sembly proteins to a given membrane and to the clustering 
of receptors into nascent transport vesicles. 

To dissect the first step in clathrin-coated vesicle formation 
in the TGN, we have developed an in vitro assay that quan-
titatively measures the binding of Golgi-specific assembly 
proteins AP-1 onto Golgi membranes using steptolysin-O 
permeabilized cells (Le Borgne et al., 1993). We could 
demonstrate that the MPRs are essential for the efficient 
recruitment of AP-1 on its target membrane. First, AP-1 
binding can be inhibited upon addition of soluble cytoplas-
mic domains of the MPRs. Second, TGN membranes of 
fibroblasts lacking the two MPRs have a low AP-1 binding 
activity when compared to control fibroblasts. The 
residual binding activity of MPR-negative cells is proba-
bly due to other transmembrane proteins which, as the 
MPRs, are routed to endosomes. More importantly, the 
low AP-1 binding activity of membranes of MPR-negative 
fibroblasts can be rescued by re-expressing either MPR 
in these cells. Altogether, these results suggest 1) that 
the number of Golgi-derived vesicles that are formed de-
pends, in part, the level of expression of the MPRs, the 
two major cargo proteins sorted along this pathway and 2) 
that, under physiological levels of expression of the MPRs, 
the other membrane-bound components required for AP-1 
binding are probably not rate limiting for vesicle formation. 
In collaboration with other laboratories, we are now using 
this assay to define the sorting mechanisms of interesting 
molecules which are sorted like the MPRs. For example, the 
class II molecules of the major histocompatibility complex 
which present at the cell surface peptides generated in 
hydrolase-rich compartments of the endocytic pathway of 
eukaryotic cells are obviously interesting candidates. 

TGN sorting signals in the MPR cytoplasmic domains 
(F. Mauxion, R. Le Borgne & H. Munier-Lehmann) 

To be properly routed within the cell, the receptors contain 
multiple signals in their cytoplasmic domains that mediate 
both their departure from and arrival at the TGN, plasma 
membrane and endosomes. Experiments using transfection 
of normal and mutant receptors into cultured cells have 
revealed the functional determinants involved in endocyto-
sis of the MPRs (Trowbridge et al., 1993). The molecular 
determinants responsible for their sorting in the TGN or 
in endosomes remain, however, to be defined. The fact 
that the in vitro AP-1 binding activity of MPR-negative cells 
can be rescued by the simple re-expression of either MPR 
provided us with a powerful assay to determine the pro-
tein determinants present in the MPR cytoplasmic domains 
that permit the recruitment of AP-1 on TGN membranes 
i.e. are responsible for the segregation of the MPRs into 
Golgi-derived clathrin-coated vesicles. 



We have stably re-expressed the CD-MPR wild-type and 
mutants (various truncations and point mutations) in immor-
talized MPR-negative cells. Using the in vitro AP-1 binding 
assay on the selected clones, we have determined the 
parameters (Kd) of the AP-1 binding reaction. As a com-
plementary study, we have followed the overall transport of 
lysosomal enzymes to Iysosomes in these cells. In addition 
to sorting in the TGN, this latter assay reflects the other 
steps of vesicular transport in the overall recycling pathway 
of the MPRs. Collectively, the results show that a casein 
kinase II phosphorylation site (ESEERD) located at the 
carboxyl terminus of the CQ-MPR tail is the critical motif 
necessary for both AP-1 binding in the TGN and efficient 
intracellular transport of lysosomal enzymes to Iysosomes. 
The endocytosis signals present in the CD-MPR tail do not 
contribute for AP-1 binding, clearly showing that two different 
protein motifs are responsible for sorting of transmembrane 
proteins in the TGN and at the plasma membrane. A di-
leucine motif is located in the vicinity of the TGN sorting 
signal of the CD-MPR. Di-Ieucine motifs are important for 
the targeting of newly synthesized transmembrane proteins 
to endosomes/lysosomes. Our results indicate that the di-
leucine motif in the CD-MPR tail is not required for efficient 
interaction of AP-1 with TGN membranes but is important 
for a post-Golgi sorting event, presumably sorting in endo-
somes. The CI-MPR contains in its cytoplasmic domain two 
similar casein kinase II phosphorylation sites (serines 2421 
and 2492), one of which (Ser 2492) is critical for efficient 
intracellular retention of lysosomal enzymes (Chen et a/., 
1993). In the light of our studies on the CD-MPR, it is 
very likely that this motif is also required for AP-1 binding. 
In collaboration with P. Lobel (Piscataway, USA), we are 
investigating this possibility using the in vitro AP-1 binding 
assay. 

In earlier studies, we observed that the serine residues 
(serines 2421 and 2492) found in the two highly conserved 
casein kinase II phosphorylation sites of the CI-MPR tail are 
phosphorylated in vivo (Meresse et a/., 1990). Phosphory-
lation of these sites is a major, albeit transient modification 
in the cytoplasmic tail of the CI-MPR that leaves the TGN 
and/or is present in TGN-derived clathrin-coated vesicles 
(Meresse and Hoflack, 1993). The serines are not phos-
phorylated when the cell surface CI-MPR is endocytosed or 
when it travels through endosomes. The serine contained 
in the CD-MPR cytoplasmic tail is also phosphorylated in 
vivo (Hemer et a/., 1993), most likely by similar mecha-
nisms. Interestingly, a casein kinase II type enzyme able to 
phosphorylate in vitro the casein kinase II phosphorylation 
sites in the MPR tails is present in clathrin-coated vesicles 
(Meresse et a/., 1990). It is likely that this enzyme plays a 
critical role in the recycling pathway of the MPRs, possibly 
in their sorting in the TGN. We are currently focusing on this 
interesting enzyme. 

MPR sorting in polarized MDCK cells 
(B. Distel & U. Bauer) 

Two different plasma membrane domains characterize the 
polarized Mardin Darby canine kidney (MOCK) cells (see 
K. Simons' report). In these cells, the membrane proteins 
destined to the apical or the basolateral plasma membrane 

are sorted in the TGN and packaged into transport vesicles. 
Recent studies have indicated that the sorting signals in 
transmembrane proteins destined to the basolateral plasma 
membrane are dominant over the putative sorting determi-
nants contained in transmembrane proteins destined to the 
apical membrane. It was unclear however whether the mem-
brane proteins are directly transported to the basolateral 
membrane or are transported to endosomes prior to their 
delivery to the basolateral surface. 

To investigate how the MPRs and membrane proteins 
are sorted in the TGN of MOCK cells, we have ex-
pressed chimeric proteins made of the luminal domain of 
haemaggglutinin (HA) of the influenza virus fused to the 
transmembrane and cytoplasmic tail of the CD-MPR. In 
MOCK cells, HA is transported to the apical membrane 
while MPR trafficking is restricted to the basolateral domain 
(basolateral plasma membrane and endosomes) (Prydz et 
a/., 1990). In non-polarized cells, chimeric proteins made of 
the cytoplasmic domains of the MPRs fused to the luminal 
and transmembrane domain of HA behave like the wild-type 
MPRs indicating that their cytoplasmic domains contain 
sufficient information for MPR trafficking (Mauxion et a/., 
1995). When expressed in MOCK cells, a hybrid protein 
containing the CD-MPR tail is, as the wild-type MPRs, trans-
ported to the basolateral domain as monitored by cell sur-
face immunoprecipitation on pulse-chased cells. Similarly, 
a hybrid protein lacking the AP-1-dependent sorting signal 
in the CD-MPR tail is also transported to the basolateral 
domain. This suggests that, in addition to the AP-1 and 
clathrin-dependent sorting system, an independent sorting 
machinery recognizing different sorting signals can medi-
ate the basolateral sorting of transmembrane proteins. The 
putative signals that are recognized by this machinery do 
not overlap with the endocytosis signals contained in the 
CD-MPR tail. Such signals are rather contained in the 13 
amino-acids close to the transmembrane domain of the 
CD-MPR. Interestingly, this region contains a motif that 
resembles the signal responsible for basolateral sorting of 
the poly IgA receptor in MOCK cells. 

GTPases and clathrin-coated vesicle formation 
(R. Le Borgne, A. Alconada, J. Lanoix & M. Camps) 

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 
binds to membranes via a myristoylated lipid anchor and 
cycle between membranes and cytosol. More recently, ARF-
1 has been shown to be critical for both coatomer assembly 
in the early secretory pathway and clathrin-coat assembly 
(AP-1 binding) in the TGN (Stamnes & Rothman, 1993; 
Linton et a/., 1993). Their binding is inhibited by addition 
of brefeldin A (BFA), a fungic metabolite which presumably 
acts on the guanoside exchange factor of several ARF 
proteins. 

To understand the relative role played by ARF-1 and the 
MPRs in clathrin-coat assembly in the TGN, we have deter-
mined the parameters of the AP-1 binding reactions in cell 
systems which were either depleted of the MPRs or ARFs 
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by pretreatment of the cells with BFA. The membranes of 
permeabilized cells usually exhibit a high affinity for AP-1 
(Kd=25 nM). However, the membranes of permeabilized 
MPR-negative cells or ARF-depleted cells exhibit rather low 
affinities for AP-1 (Kd=250 nM) indicating that individually 
ARFs or the MPRs are low affinity interacting components. 
In addition, the soluble cytoplasmic domain of the CI-MPR 
is a better competitor of the AP-1 binding reaction in ARF-
depleted cells than in control cells. These results show 
that the high affinity interactions of AP-1 with its target 
membrane probably require a protein complex that contains 
both the MPRs (or more geoeraily the cargo proteins) and a 
small GTPase of the ARF family. In this process, the MPRs 
could be clustered into nascent vesicles. GTP hydrolysis 
on ARF present in Golgi-derived vesicles could mediate the 
transition between the high affinity complex into low affinity 
components, thereby releasing the coat from the vesicle. 
Similar molecular mechanisms could be envisaged for the 
recruitment of the cytosolic pool of clathrin on the mem-
brane. It is possible that GTP-binding proteins regulate the 
assembly/disassembly of clathrin. We are currently develop-
ing an in vitro clathrin binding assay to test this possibility 
and to study the later stages of clathrin-coat assembly. 

It is likely that other components are also involved in the 
interaction of AP-1 with the membrane, possibly to provide 
the specificity in these interactions or the link between ARF 
and the MPRs. So far, using either biochemical approaches 
or the two-hybrid system in yeast, we have not detected 
direct protein/protein interactions between the MPR tails and 
ARF-1. We are currently using two different approaches 
to characterize these additional components. First with a 
biochemical approach, we are trying to purify from mem-
branes the high affinity protein complex recognized by AP-1. 
Second using the two hybrid system in yeast, we are trying 
to identify the components interacting with the TGN sorting 
signal in the MPR tails as well as those regulating ARF-1 
function. 
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In interphase, microtubules form a more or less dynamic 
network of fibres, usually originating at the centrosome. 
They playa role in intracellular movement and positioning 
of organelles (mitochondria, Golgi apparatus, cytoplasmic 
vesicles). Moreover, during cell differentiation, microtubules 
become reorganised according to cell shape changes and to 
specific functions they have to fulfil. When the cell enters mi-
tosis, the interphase network 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 mito-
sis, to guide and orient intracellular movements. In turn, the 
spatial organisation 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 organisation in the cell. 

In the past years, we have identified the cyclin 8-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. To go further in the understanding of 
spindle assembly, we need to know more about the molec-
ular 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. Another important aspect of cell division 
concerns the process of spindle orientation in epithelial 
cells. We have some new insight on how this may work in 
Madin-Darby canine kidney (MOCK) cells. Finally, we have 
initiated a new line of research in collaboration with Anne 

Ephrussi, in the Differentiation Programme, on the role of the 
cytoskeleton in mRNA localization in Drosophila embryos. 

Temporal control of cdc2 kinase 

The cell cycle is driven by the successive activation of 
closely related kinase catalytic subunits belonging to the 
cdc2 family. The activation of these kinases is initiated 
by the accumulation of regulatory subunits, the cyclins. 
Some cyclin dependent kinases (cdk) are also regulated by 
phosphorylation on thr and tyr residues located in the ATP 
binding site. This is the case for the cdk1 (alias cdc2)/cyclin 
8 complex and the cdk2/cyclin A complex. The cdk1/cyclin A 
complex is not regulated in this way: simple binding of cyclin 
A to cdk1 results in its rapid activation. These different mech-
anisms are essential to determine the respective timing of 
activation of the cdks which are supposed to affect differ-
ent substrates: transcription factors for G1 cdks, replication 
factors for S-phase cdks and spindle proteins for mitotic 
cdks. The timing of activation of the cyclin 8 dependent 
kinase is determined by a change in the relative activity 
of the wee1 kinase that phosphorylates cdk1 on tyrosine, 
and the opposing phosphatase, the cdc25C gene product in 
S.pombe or its homologues in higher eukaryotes. Activation 
of the cyclin 8-dependent kinase requires phosphorylation 
of cdc25C by the cyclin 8-dependent kinase itself, creating 
a positive feedback loop. This positive feedback loop cre-
ates a switch on which other signals can act to determine 
when the rapid activation of the cyclin 8-dependent kinase 
should occur (Clarke, 1994a; Hoffman & Karsenti, 1994). 
This switch is used to couple the end of DNA replication to 
the activation of the cyclin 8-dependent kinase. The end of 
DNA replication seems to be sensed by a small G-protein, 
Ran, that would switch from a GOP-bound state during 
DNA replication to a GTP-bound state when S-phase is 
completed. Under this form, Ran would tip the cdc25/wee1 
switch towards rapid activation of cdc2/cyclin 8 (Clarke et 
al., 1995). The exact link between Ran and the cdc25/wee1 
switch is still unknown. We have also investigated whether 
other forms of cdc25 could be involved in the regulation 
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of different cdks during the G 1-S transition in human cells: 
cdc25A is required at this transition and its phosphatase 
activity is also regulated by phosphorylation. However, this 
enzyme is not phosphorylated by the cyclin 8/cdk1 kinase 
but rather by a cdk2 kinase (Hoffmann et al., 1994). It is 
therefore possible that positive feedback loops are used as 
a general mechanism for decision making at different key 
points of the cell cycle. It may be that specific blocks of 
related enzymes form different loops (Hoffman & Karsenti, 
1994). This raises interesting evolutionary questions (Felix 
& Karsenti, 1994). 

Regulation of microtubule dynamics during mitosis 

We still do not know the molecular basis of the increased 
dynamics of microtubules in mitosis apart from the fact that 
this requires protein phosphorylation under the control of the 
cdc2 kinase. There must be a combination of microtubule 
associated proteins (MAPs) that maintain a high microtubule 
growth rate and factors that make microtubules unstable 
so that they display a steady state length. This is very 
important to understand how the shape and size of the 
mitotic spindle are determined. We are presently focusing 
on the characterisation of MAPs in Xenopus egg extracts. 
We have purified a thermostable 230 kDa MAP (Andersen 
et al., 1994; Faruki & Karsenti, 1994) that increases the 
growth rate about 3-4 fold, and strongly stabilizes micro-
tubules. This MAP is efficiently phosphorylated by cdc2 
kinase and this strongly reduces its affinity for microtubules. 
Moreover, this MAP is only localized on spindle microtubules 
and not on astral microtubules in mitotic cells. Since it 
is phosphorylated in mitosis and this reduces its affinity 
for microtubules, we think that its level of phosphoryla-
tion is regulated spatially (being lower around the chro-
mosomes). We consistently find, among others, 3 major 
high molecular weight MAPs in microtubule pellets prepared 
from egg extracts: a 230 kDa protein, a 310 kDa and a 
210 kDa protein, the latter having been identified previ-
ously in Kirschner's group. We are also in the process of 
characterising the 310 kDa MAP. The ultimate goal of this 
biochemical approach is to determine the function of these 
MAPs in mitotic spindle assembly, to determine how phos-
phorylation regulates their effect on microtubule dynamics 
and to determine the nature and sub-cellular localization 
of the kinases and phosphatases that act on them. In 
1984, I noticed that chromosomes are required to form a 
functional bipolar spindle: the microtubules of two asters 
localized next to each other in a mitotic cytoplasm never 
interact because microtubules are too short and dynamic. 
More recently this view has been supported by several 
observations and chromosomes seem to contain a factor 
that stabilizes microtubules in their surrounding. This may 
be a phosphatase that opposes the effect of cdc2 kinase 
on MAPs (see above and Karsenti, 1993). We are presently 
trying to develop assays to study the nature of chromosome-
associated phosphatases and their regulation, and to deter-
mine whether localized kinases and/or phosphatases could 
generate gradients of soluble phosphorylated substrates 
(like MAPs for example; collaborations with the groups of 
T. Hyman and E. Stelzer in Heidelberg and S. Leibler in 
Princeton). 
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Motors, centrosomes and microtubule 
organisation in three dimensions 

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 for 
understanding an important part of the basic principles that 
govern cellular morphogenesis. In principle, microtubules 
could be oriented in two ways. They could be nucleated from 
a specific point in the cell that is itself localized by other 
means. This is the most widely accepted mechanism, the 
centrosome being the nucleating site. Or microtubules could 
be oriented by being moved by motors that are tethered to 
specific cellular domains or structures. To understand how 
microtubules are oriented in the cell, two different kinds 
of questions have therefore to be addressed: those that 
relate to protein targeting in general and those that concern 
microtubule nucleation and microtubule-motor interactions. 

Part of the lab has been working on the characterisation 
of centrosomal proteins (Dominguez et al., 1994) and the 
mechanism of centrosome positioning in polarised MDCK 
cells (Reinsch & Karsenti, 1994; Reinsch & Stelzer, 1994). 

That microtubules could undergo self organisation and ori-
entation through the action of motors was first shown by us 
(Verde et al., 1991). We observed that short microtubules 
stabilised by taxol in mitotic egg extracts progressively self 
organise into asters containing in their centre centrosomal 
material. The self organisation into asters requires the par-
ticipation of cytoplasmic dynein, suggesting that microtubule 
sliding is involved in this process. This has important im-
plications for our way of thinking about spindle pole as-
sembly. In fact microtubule motors, in particular kinesin-like 
molecules, have recently been implicated in virtually all 
aspects of mitotic spindle assembly and function, from the 
organisation of the poles to anti-parallel microtubule inter-
action, including kinetochore movement along microtubules 
(Karsenti, 1993). The full sequence of 2 Xenopus kinesin-
like proteins has been obtained and antibodies against each 
of these two proteins have been raised. The sequence of 
X-klp1 is interesting. In addition to the motor domain which 
is localized at the amino-terminus of the protein, it contains 
a nuclear localization signal in the stalk and a zinc-finger like 
domain in the tail at the c-terminus (Plate 3a). This domain 
is being examined by NMR by the group of Oschkinat. The 
protein is localized in the nucleus in interphase and on the 
chromosomes in mitosis. Some of it moves to the equator 
of the spindle during late anaphase (Plate 3c). This protein 
is essential for spindle assembly and cleavage in Xenopus 
eggs (Vernos et al., 1995). X-klp2 is localized in centro-
somes both in interphase and mitosis. Two other kinesin-like 
proteins are under investigation. cDNAs from both Xklp3 and 
Xklp4 are being sequenced and fusion proteins have already 
been obtained that are used to raise specific antibodies. 
This project may turn out to be pretty central in the next few 



PLATE 3 

Structure and localization of the Xenopus egg kinesin-Iike 
protein, Xklp1. 

(A) The motor domain of Xklp1 is at the amino-terminus of the 
protein, nuclear localisation signals (NLS) are found in the coiled-
coil stalk, a zinc finger-like domain (CYS) and a consensus cdc2 
phosphorylation site are localized in the globular tail. 

(8) Confocal image of the microtubules in a Xenopus tissue culture 
cell in late anaphase. 

(C) Confocal image of Xklp1 lOcalization in the same cell. The 
protein is localized on chromosomes and in the equatorial region 
of microtubule overlap. Some interphase nuclei are also visible and 
stained. 

years and involves collaborations with C. Wylie for devel-
opmental aspects in Xenopus, Tony Hyman for the mitotic 
aspect, Anne Ephrussi in the Differentiation Programme 
who is interested in the microtubule-dependent movement 
of mRNA in Drosophila embryos and Luis Serrano and 
Hartmut Oschkinat for the structural characterisation of frag-
ments and domains of the kinesin-like proteins under study. 

An important outstanding question remains: how is micro-
tubule polarity read by motors? In collaboration with the 
group of Heinrich Harber, we have recently developed a 
method allowing us to visualise tubulin subunits in the micro-
tubule surface lattice (Maaloum et al., 1994). As previously 
indicated by structural studies, the two tubulin subunits 
of the dimer are not exposed equally at the surface of 
the microtubule lattice. We are currently trying to use this 
technique to determine how motors that move in different 
directions interact with the surface lattice at the molecular 
level. 

The structural basis of microtubule dynamics 

We still do not understand properly the molecular basis of 
microtubule dynamic instability. To approach this question, 
samples of pure microtubules have been embedded in vitri-
fied water and observed by electron microscopy. Correlation 
of the structure of pure microtubule ends observed in vitrified 
water with the dynamic properties of similar microtubules ob-
served by interference contrast video microscopy indicates 
that microtubules grow first as a sheet of protofilaments 
that then closes into a tube. The closure rate seems to be 
highly variable (Chretien et al., 1995). We think that when a 
microtubule cylinder closes almost to the end of the growing 
protofilament sheet, this forces GTP hydrolysis in the ter-
minal subunits and leads to catastrophic depolymerization 
of the microtubule. We are collaborating with the group of 
Stephen Fuller on this project. 
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Membrane traffic 
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Assembly of vaccinia virus (S. Cudmore, 
J. Krijnse Locker, V. Ley & M. Ericsson) 

During the past year we have broadened our analysis of 
the assembly of vaccinia virus, previously based almost ex-
clusively on thin section electron microscopy (EM) studies, 
by including biochemical, molecular biological as well as 
high resolution EM approaches. Our previous data led to 
the view that the first morphologically distinct step in the 
assembly process involves the formation of the future "coat" 
of the virus from membrane cisternae that are part of the 
intermediate compartment (IC) between the endoplasmic 
reticulum (ER) and the Golgi complex. We have further 
characterized this IC and conclude that it is a domain of the 
ER from which COP vesicles destined for the Golgi complex 
are derived (Krijnse Locker, J. et al., 1994a; Griffiths, G. et 
al., 1994; Griffiths, G., et al., submitted). 

Our working model for vaccinia assembly is that the process 
is initiated by targeting vaccinia-encoded membrane pro-
teins into the IC domain that will form the two-membraned 
viral coat (see Plate 4a). We envisage that the composition 
of the two cisternal membranes are different but that the two 
sets of membrane proteins would interact strongly across 
the lumen. Our current goals are 1) to identify all the mem-
brane proteins of the intracellular mature virus (IMV) and 
to understand how these proteins are targeted into the IC, 
and 2) to ask whether, and if so how, they separate into two 
different sub-domains that will eventually become the outer 
and inner membrane of the virus. The main initial biochemi-
cal strategy has been to separate the membranes of the IMV 
from the DNA-enclosing core using NP40 and DTT and then 
to identify the membrane proteins after separation by 2D gel 
electrophoresis. Since the complete sequence of vaccinia is 
known, identification can be performed by microsequencing 
and mass spectrometry (a collaboration with Ole Jensen, 
Matthias Mann's group). A summary of our current progress 
is given in Plate 4. 

Two of the proteins found in the membrane fraction of the 
IMV are especially interesting. The first, referred to in the lit-
erature as p37 has all the hallmarks of an integral membrane 
protein (Triton-X 100 soluble; Triton-X 114-detergent phase; 
carbonate resistant). When sequenced it was identical to 
another protein (p39) previously characterized by Esteban's 
group. P37 was known to be the only glycoprotein in the 
IMV possessing a single N-acetyl glucosamine (GlcNAc). 
Using an antibody (provided by Larry Gerace) against the 
O-linked GlcNAc residue we could confirm that p37/p39 has 
this modification. Immunogold labelling shows that the bulk 
of this protein is associated with the inner membrane; in 
agreement with this is the finding that during infection a 
high concentration of p37/p39 remains with the infection 
intermediate, a form lacking the outer membrane. 

The second interesting protein provided a real surprise. Mi-
crosequencing of p58, an abundant protein first recognized 
20 years ago in the IMV membrane fraction, led to its identi-
fication as a host cell heat shock protein (HSP60). Previous 
studies had shown that, while the synthesis of host proteins 
are switched off after infection, the synthesis of HSP60 
(and HSP70) is upregulated. HSP60 is a mitochondrial 
chaperone, encoded by a nuclear gene, that plays a key 
role in the import of mitochondrial proteins from the cytosol. 
Using anti HSP60 on cryosections the amount of label over 
mitochondria is significantly decreased relative to uninfected 
cells whereas the intracellular sites of viral assembly and 
the immature virions are strongly labelled (Plate 4b). The 
IMV themselves are poorly labelled. Experiments are now 
in progress to determine whether or not HSP60 is essential 
for vaccinia assembly and, if so, whether it functions as a 
chaperone. 

Norbert Roos (a visitor from Oslo) in collaboration with 
Marek Cyrklaff (KOhlbrandt group) initiated cryo EM studies 
of the pure IMV as well as various disassembled forms of the 
virus that arise following physical or chemical pertubations 
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PLATE 4 

(A) shows our current model for the assembly of the IV from a 
cisterna belonging to the intermediate compartment (IC). In (A) a 
summary is given of the localization of integral membrane (shown 
crossing the membranes), the peripheral membrane proteins p65 
and p14 as well as of some core proteins, including the major DNA 
binding proteins, based on EM and biochemical data from our group 
and from the literature. The genes for all the proteins shown have 
been identified. 

(8) shows a thawed cryosection Of a vaccinia infected HeLa cell la-
belled with anti-HSP60 showing significant labelling of the spherical 
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IV particles. 

(C) shows cryo EM images of the :::::350 nm long, purified IMV (C1) 
as well as IMV treated with 75 mM OTT (C2) which causes the 
two viral membranes to separate, presumably by breaking lumenal 
disulfide bonds. The arrowheads indicate the two membranes while 
the arrows show the intra-lumenal spikes which become exposed 
on the outside of the particle when NP40 is used in combination 
with OTT, thereby removing the outer membrane. A similar process 
occurs during infection when the outer membrane is lost by fusion 
(N. Roos & M. Cyrklaff). 



(Plate 4c). We have also used STEM analysis to determine 
the molecular mass of the IMV (3.2x 1 09 Da) as well as 
of various disassembly intermediates (with Deryck Mills, 
Haider group). 

Phagosome project (A. Blocker, 
J. Burkhardt, A. Haberman & A. Jahraus) 

The phagosome project focuses on two specific aspects of 
the biogenesis of the phagolysosomes that form when J77 4 
macrophages ingest 1 latex beads by phagocytosis. 
These aspects are (1) the cytoskeletal-dependent transport 
and (2) the fusion of phagosomes with compartments of the 
endocytic pathway. The key to these studies is the ease by 
which latex-enclosing phagosomes (before fusion with late 
endosomes/lysosomes) and phagolysosomes (after fusion) 
can be purified by a simple flotation procedure using discon-
tinuous sucrose gradients. Further, the system allows us to 
purify any stage in the "maturation" of latex phagosomes 
simply by allowing cells to internalize a pulse of latex for 
different times. 

Work from our group and others has indicated that the fusion 
events between phagosomes and endocytic compartments 
are complex and highly dynamic, with the biochemical com-
position of phagosomes changing constantly with time. For 
example, Rab5, a GTP-binding protein normally associated 
with the plasma membrane and early endosomes is de-
tected in decreasing amounts on purified phagosomes until 
15 hrs after uptake whereas Rab7 (a late endosome marker) 
peaks at ::::::4-7 hrs and is lost by ::::::24 hrs. Some unidentified 
GTP-binding proteins first appear on the phagosomes only 
after ::::::10 hrs. (Desjardins et al., 1994). 

A consistent line of experimentation has identified an impor-
tant role for both actin and microtubules in phagocytosis. 
Actin is needed for the initial uptake event while micro-
tubules are clearly important for subsequent movements 
that are seen by video microscopy, and which appear to 
facilitate the dynamic fusion and fission events of phago-
somes with late endosomes (Desjardins et al., 1994). 

We have set up three in vitro assays involving phagosomes. 

In vitro fusion 

Andrea Jahraus has established an assay to monitor the 
fusion of phagosomes with defined organelles of the en-
docytic pathway, based on an assay by Jean Gruenberg 
(EMBL, now University of Geneva), for following endosome-
endosome fusion. In this assay latex beads covalently 
conjugated with avidin are internalized into one set of 
macrophages and then isolated. In a separate set of cells 
horseradish peroxidase coupled to biotin (bHRP) is taken up 
by endocytosis into the endocytic compartment of choice. 
The latter can be used either as a crude post-nuclear 
supernatant (since the marker to be detected is selectively 
targeted into one compartment) or enriched using gradients. 
The fusion reaction is initiated by mixing the two sets of 
membranes in the presence of cytosol and ATP. Subse-
quently, the membranes are lysed with detergent, the latex 

beads separated by flotation and the amount of HRP activity 
bound to the avidin beads is determined. 

In collaboration with the Zerial group we have found that the 
Rab protein "chaperone" GDI, which can selectively remove 
all Rab proteins from membranes, completely inhibits the 
fusion reactions between 2 hr phagosomes with both early 
and late endosomes. We are now attempting to add back 
various Rab proteins to try to reconstitute fusion. We have 
also found that fusion in vitro and in vivo is inhibited by 
the actin depolymerising drug cytochalasin D while the actin 
stabilizing drug phalloidin stimulates the fusion in vitro. 
Collectively, these results suggest that actin also plays a 
role in events subsequent to the uptake process. 

In vitro binding of phagosomes with micro tubules 

Ariel Blocker & Janis Burkhardt, in collaboration with Fedor 
Severin (Hyman group), have set up two different in vitro 
assays involving phagosomes and taxol-stabilized micro-
tubules. The first is a light microscopical binding assay 
where phagosomes are incubated with fluorescent micro-
tubules and the number of known phagosomes directly 
quantified. This binding is independent of both ATP and mi-
crotubule motors but requires cytosol. Further experiments 
have narrowed the binding activity to a heat stable protein 
factor with all the hallmarks of a microtubule-associated 
protein (MAP) in the range 100-150 kDa. Protease studies 
show that phagosome membrane proteins are also required. 
Interestingly, binding activity is highest in "early" (20 mins) 
phagosomes and decreases progressively with time. 

In vitro motility of phagosomes along microtubules 

The second assay monitors the movement of phago-
somes along microtubules using video microscopy. We find 
that in the presence of a relatively high concentration of 
macrophage cytosol and ATP phagosomes can move in 
both directions along the microtubules. (::::::70% move to-
wards the minus end and ::::::30% towards the plus end). 
Importantly, a small fraction of phagosomes can be seen 
to move in both directions, making the phagosome the first 
characterized membrane organelle shown to move in both 
directions along microtubules. Indirect evidence suggests 
that these movements are dependent on kinesin and dynein. 
The key conceptual problem we would now like to address 
is the mechanism which links the motor-independent MAP 
binding with the motility driven by the microtubule motors. 
We are also searching for the membrane protein(s) on 
phagosomes that are responsible for binding the MAP as 
well as thettwo classes of motors. 

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

Caveolae are small (60-80 nm) flask-shaped invaginations 
of the plasma membrane which are enriched in VIP21-
caveolin (Kurzchalia et al., 1992; Rothberg et al., 1992; 
Dupree et al., 1993). Despite the fact that caveolae were 
observed by electron microscopy more than forty years ago 
their exact functions remain unclear. 
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Our previous work showed that caveolae are enriched 
in a particular glycosphingolipid, the ganglioside GM1 
(Parton, 1994). Work from other laboratories suggested 
that proteins which are anchored in the plasma mem-
brane via a GPI-moiety were also concentrated in cave-
olae (Ying et al., 1992). We investigated this further 
and found that in prefixed cells there was no de-
tectable clustering of a model GPI-anchored protein, alka-
line phosphatase, in caveolae. However, upon crosslink-
ing with antibodies on the cell surface we found a strik-
ing enrichment of alkaline phosphatase within caveo-
lae. 

We used this result as a starting point to develop an assay 
to measure caveolae internalization. After clustering alka-
line phosphatase within caveolae we observed a time- and 
temperature-dependent decrease in surface alkaline phos-
phatase which was blocked by an actin-disrupting agent 
and by a general kinase inhibitor (Parton et al., 1994). 
Okadaic acid, a phosphatase inhibitor which we had pre-
viously shown to cause a redistribution of caveolae (see 
Research Report 1993), caused a more rapid and com-
plete removal of clustered alkaline phosphatase from the 
cell surface and caused the caveolae to be removed from 
the plasma membrane, as judged morphologically. Taken 
together with parallel morphological experiments, the results 
suggest that caveolae are internalized into the cell and that 
this process may be regulated by kinase activity. The nature 
of the putative kinases involved is now being investigated 
and we are attempting to reconstitute this process in per-
meabilized cells. In addition, we are investigating whether 
proteins which are part of the machinery controlling clathrin 
coated pit-mediated endocytosis such as dynamin (in col-
laboration with Dr. Richard Vallee, Worcester Foundation 
for Experimental Biology) and Rab5 (in collaboration with 
the Zerial group), have any role in caveolar internaliza-
tion. 

One proposed function for caveolae which has generated 
considerable interest in recent years is signal transduction 
(Sargiacomo et al., 1993). To examine the role of caveolae in 
a well-characterised signal transducing cell we investigated 
the nature of caveolae in lymphocytes (in collaboration with 
Anna Fra, Simons' Group). To our surprise we found that 
caveolae, as defined morphologically, and by use of the 
available markers, are absent, or at least present at un-
detectable levels, in all the lymphocyte cell lines tested (Fra 
et al., 1994). Despite the lack of caveolae, GPI-anchored 
proteins and glycosphingolipids were found within low den-
sity, detergent-insoluble complexes which had previously 
been assumed to represent caveolae. These results show 
that caveolae are not involved in signal transduction in 
lymphocytes and that detergent-insolubility alone does not 
correlate with caveolar localization. In addition, the lympho-
cyte system offers an opportunity to examine the effect of 
expression of VIP21-caveolin in a cell in which it is normally 
missing. 

Finally, with Anna Fra (Simons' group) we are continuing to 
use immunoisolation and density shift techniques to analyse 
possible caveolae-specific components. 
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The nuclear pore complex 

Nuclear pore complexes (NPCs) mediate the entire nucle-
ocytoplasmic transport through the nuclear membrane. It is 
our aim to dissect the NPC into its individual components 
and to study their role in nuclear pore structure and function. 
We are applying both biochemical and genetic approaches 
in the yeast Saccharomyces cerevisiae which serves as a 
model organism, since NPCs are conserved during evolu-
tion from yeast to man. 

Characterization of a NPC subcomplex consisting 
of Nsp1p, Nup49p, Nup57p and Nic96p (P. Grandi, 
N. Schlaich, H. Tekotte & U. Zabel) 

We assume that subcomplexes exist at the NPC which are 
formed by sets of nuclear pore proteins and which perform 
specific, but overlapping function(s). Such a subcomplex 
was isolated biochemically via purification of the protein 
A tagged nucleoporin Nsp1 p. This complex contains be-
sides Nsp1 p three different proteins, the GLFG nucleoporins 
Nup49p and Nup57p and Nic96p (Grandi et al., 1993). 
All the components that are physically interacting in this 
complex are essential and also genetically linked since 
the corresponding genes were also found in a screen for 
synthetic lethal mutants of NSP1. To understand how the 
Nsp1-complex performs its essential function(s), we started 
to identify the domains of the proteins responsible for the 
physical and genetic interactions. We found that these pro-
teins physically interact by coiled-coil structures. While the 
amino-terminal coiled-coil domain of Nic96p is responsible 
for the direct association with a Nsp1 p/Nup49p/Nup57p core 
complex, the carboxy-terminal part is not directly involved, 
but seems to have a helper role in the assembly of the 
whole complex. Currently, two thermo-sensitive nic96 alle-
les, nic96-1 and nic96-2, mapping within the essential cen-
tral domain, are genetically and biochemically exploited. In 
both mutants the physical interaction with the Nsp1-complex 
is not affected even at restrictive temperature. The nic96-1 
allele causes cells to have a significantly decreased nuclear 
pore number at the restrictive condition suggesting that the 
Nic96p central domain is involved in NPC assembly. In 
order to set up an in vitro assay for the assembly of this 

24 

nucleoporin complex, we started to express large amounts 
of Nsp1 p, Nic96p, Nup57p and Nup49p in E.coli. We are 
currently testing whether the bacterially expressed proteins 
can reassemble in the test tube. It is our long term goal to 
get also structural data on the individual proteins as well as 
the assembled complex. 

Biochemistry Genetics 

- Nic96p s157 
s1316 

DUfiN Nup82p 

- ProtA-Nsp1p - Nup57p 

- Nup49p sl33 
s1125 

PLATE 5 

Biochemistry and genetics show that Nsp1 p functionally and 
physically interacts with the nuclear pore proteins Nup49p, 
Nup57p and Nic96p. 

ProtA-Nsp1 p was affinity-purified by IgG-Sepharose affinity chro-
matography and analysed by SOS-PAGE and Coomassie Blue 
staining. A schematic drawing of such a SOS-polyacrylamide gel 
is shown (Biochemistry). By isolating synthetic lethal mutants of a 
thermo-sensitive Nsp1 allele, the indicated sl mutants mapping in 
the NIC96, NUP57 and NUP49 gene, respectively, were found 
(Genetics). The Nup82p is physically associated with a subfraction 
of Nsp1 p, which is not bound to Nup49p, Nup57p and Nic96p (P. 
Grandi, unpublished results). 



Characterization of a Nup84p-containing NPC 
sub-complex (C. Wimmer, S. Siniossoglou, 
S. Emig, C. Weise & F. Hucho) 

Nup84p is another nuclear pore protein derived from the 
synthetic lethal screen for Nsp1 p-interacting components. 
When purified under non-denaturing conditions, Nup84p is 
associated with 5 other proteins. Peptide sequences of all 

. five proteins could be obtained and we are in the process 
of cloning their corresponding genes. We speculate that 
Nup84p together with its interacting proteins could have a 
role in nuclear envelope aoo nuclear pore biogenesis. 

Nucleoporins with an RNA binding motif 
(E. Fabre, W. Boelens, C. Wimmer & I. Mattaj) 

The Nup145p protein, identified through its genetic inter-
action with Nsp1 p, represents a GLFG repeat-containing 
nucleoporin required for poly(A)+ RNA export out of the 
nucleus. Nuclear protein import, however, is only impaired 
at later time points during repression of NUP145 gene 
expression. A stretch of 140 amino-acids within Nup145p 
is homologous to Nup116p and Nup100p. Within this con-
served Nup145p sequence, the octameric motif RGYGCITF 
is found which matches well with the conserved RNP-1 
motif of RNA-binding proteins. When tested in an RNA 
homopolymer binding assay, the corresponding domains 
of Nup145p and Nup116p containing the RNP-1 sequence 
preferentially bind to poly(G) homopolymers. Genetic exper-
iments in yeast reveal that the three copies of the motif in 
Nup145p, Nup116p and Nup100p carry out an essential, 
redundant function. We propose that Nup145p, Nup116p 
and Nup100p belong to a novel class of nucleoporins with 
a role in nucleocytoplasmic transport. 

Genetic interaction between the nuclear pore protein 
Nsp1 p and components involved in pre-tRNA splicing 
and modification (H. Tekotte, K. Sharma, G. Simos, 
V. Doye & D. Tollervey) 

The excision of introns from pre-tRNAs in yeast involves 
a pre-tRNA splicing endonuclease and a tRNA ligase. 
Whereas transcription and base modification of pre-tRNA 
occurs inside the nucleus, the splicing reaction takes place 
at the nuclear envelope since the endonuclease is a mem-
brane protein (Peebles et al., 1983) and the tRNA ligase 
localizes to the inner nuclear membrane (Clark & Abelson, 
1987). Further components not required for in vitro splicing 
are necessary in vivo for pre-tRNA maturation. Los1 p may 
be such a component since /051 mutations affect removal of 
introns from pre-tRNA, yet mutant cells have normal levels 
of splicing endonuclease/ligase activities (Hopper & Schultz, 
1980; Shen et al., 1993). This led to the view that in the 
living cell the splicing process depends upon factors which 
have additional roles, e.g. in the transport of tRNA. We 
have identified a genetic network of interaction between the 
nuclear pore protein Nsp1 p, Los1 P which also localizes to 
the nuclear pore complex and a novel intranuclear protein 
Los2p which shares homology to E.co/i tRNA pseudouridine 
synthetase. This raises the interesting possibility that either 

processing of pre-tRNA is directly coupled to the transloca-
tion through the NPC, or assembly of all the players required 
for tRNA splicing at the nuclear face of the nuclear pore 
complex is a trigger for removal of introns from pre-tRNA. 

Analysis of nucleoporin Nup1 p (N. Schlaich) 

Nup1 p and Nsp1 p are nuclear pore proteins which have 
in common multiple degenerate repeat sequences of the 
"FSFG" type and therefore are structurally related. To test 
whether this similarity also reflects a functional overlap at 
the NPC, .D..nup1 cells containing a disrupted NUP1 gene 
were analyzed for defects in nuclear protein import and RNA 
export. In the course of making nup1 disruption mutants, 
we found that NUP1 is not essential in two different lab-
oratory strains, but they exhibit growth defects at elevated 
temperatures. Whereas thermo-sensitive nsp1 mutants are 
defective in uptake of a nuclear reporter protein and do not 
exhibit a poly(At RNA export defect, nupr cells behave in 
the opposite way, i. e. they accumulate poly(At RNA inside 
the nucleus and do not exhibit an apparent defect in uptake 
of a nuclear reporter protein. Accordingly, Nup1 p might be 
part of a NPC substructure whose function is somehow 
required for efficient poly(A)+ RNA export. 

Nup133p and nuclear pore clustering 
(V. Doye & R. Wepf) 

Two different thermo-sensitive nup49 alleles gave differ-
ent phenotypic defects in nucleocytoplasmic transport: the 
strong nup49-313 allele causes inhibition of nuclear protein 
import at the restrictive temperature, the weaker nup49-316 
allele intranuclear accumulation of poly(A)+ RNA. Using 
the nup49-316 mutant allele, a synthetic lethal screen was 
started to identify components of the mRNA export machin-
ery. By this approach, NUP133 could be isolated which en-
codes a novel nuclear pore complex protein. NUP133 is not 
essential, but cells lacking Nup133p are thermo-sensitive 
for growth at 3T C and accumulate poly(A)+ RNA inside 
the nucleus. Nuclear protein uptake, however, was not 
impaired. In addition, nup13T cells exhibit a nuclear pore 
clustering phenotype which, however, is not linked to the 
intranuclear accumulation of poly(A)+ RNA. Since nothing 
is known about the mechanism of NPC biogenesis and dis-
tribution within the nuclear envelope, one speculative role of 
Nup133p in NPC distribution is that this protein could make 
a link between the NPCs and an underlying nucleoskeleton. 
Alternatively, nuclear pore clustering in nup13T mutant 
cells may be caused by inserting the newly assembled 
NPCs at distinct sites within the nuclear envelope whereas 
in wild-type cells, this insertion would occur randomly. 

The nucleolus 

Ribosome biogenesis occurs mostly inside the nucleolus. 
The nucleolar protein Nop1 p plays a crucial role in many 
steps during ribosome formation including methylation and 
processing of the pre-rRNA, and assembly of the ribosomal 
subunits. During this process, Nop1 p most likely interacts 
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with many other nucleolar components. It is our goal to 
identify these Nop1 p-interacting components in order to 
study their role in nucleolar structure and function. 

Nop77p is a nucleolar RNA-binding protein 
which functionally interacts with Nop1 p 
(T. Berges & D. Tollervey) 

When we screened for synthetic lethal mutants of the nop1-5 
thermo-sensitive allele, 14 sl mutants were obtained. One 
group of 12 mutants were cOr;lditionally synthetic lethal since 
they were viable in the presence of nop1-5 at 23'C but 
not 32' C. Complementation at 32' C was used to clone the 
NOP77 gene responsible for synthetic lethality. NOP77 is 
essential for viability and encodes a nucleolar protein of 
77 kDa. By gene repression of NOP77, both the processing 
and methylation of the pre-rRNA was inhibited. Nop77p 
appears to be an RNA-binding protein since it exhibits three 
RNA recognition motifs (RRMs). Thus, Nop77p could be 
involved in specific interaction between Nop1 p and pre-
rRNA. 

Nop56p is another nucleolar protein which is in 
genetiC interaction with NOP1 (T. Gautier) 

One of two remaining tight synthetic lethal mutants, sl 258, 
was used to clone its complementing gene. This yielded 
a novel essential nucleolar protein Nop56p, for nucleolar 
protein of 56 kDa, which does not reveal typical sequence 
motifs as found in other proteins involved in nucleolar 
function, but shares with another yeast protein a striking 
modular domain structure in its C-terminal end. To study 
Nop56p function in vivo, ts mutants were generated by PCR 
mutagenesis using degenerated oligonucleotides. Among 
the clones tested, 2 exhibited a thermo-sensitive phenotype. 
Interestingly, Nop56p appears to be strongly conserved 
during evolution, because several uncharacterized open 
reading frames as deduced from human, rice and C.elegans 
"EST" DNA sequences, have up to 60% homology over a 
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sequence of more than 200 amino-acids. We are currently 
cloning the full-length human homologue of Nop56p in order 
to show the exact subnucleolar location in human cells and 
to complement the yeast nop56 null mutant. 
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Intermediate filament (IF) proteins represent a large fam-
ily of coiled-coil molecules distinguished by their ability to 
self-assemble into characteristic filaments. These filaments 
consist of staggered, anti parallel tetramers (protofilaments) 
and have diameters in the range of 8-11 nm. IFs form radial 
networks in the cytoplasm and a fibrous lattice (nuclear 
lamina) underneath the inner nuclear 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 addition, IFs have 
been considered as core components of the cytoskeleton, 
supporting the cell against mechanical stress. Nevertheless, 
how these elements act to carry out their presumed func-
tions remains unknown. 

To define the cellular functions of IFs, it is necessary to 
study in detail the structural features of the filaments and 
the molecular interactions between filament subunits and 
other cellular elements. A key to achieve these objectives is 
the establishment of cell-biological assays able to measure 
cellular activities in the presence and absence of IFs. With 
this in mind, our laboratory has been exploring three areas in 
which IFs seem to be involved: (a) the interactions between 
the nuclear lamina and the inner nuclear membrane at 
interphase, (b) the post-mitotic reassembly of the nuclear 
envelope, and (c) the cytodifferentiation of the lens fibre 
cells. 

The LBR complex (G. Simos with 
E. Nikolakaki & T. Giannakouros) 

Previous studies have shown that the nuclear lam ins (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). 
Immunoisolation of LBR from bird erythrocyte Iysates re-

vealed 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 (for a review see Georgatos, Meier 
& Simos, 1994). This year, we made significant progress 
in characterizing most of the non-Iamin components of the 
complex. It turns out that the LBR kinase, now purified to 
homogeneity, phosphorylates specific SR (serine-arginine) 
motifs present in the N-terminal domain of LBR (Nikolakaki 
et a/., in preparation). These motifs are thought to repre-
sent 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 as-
sociate with splicing factor-2 (SF 2). Experiments are now 
in progress to examine whether p34 associates with the 
region of LBR which harbors the SR motifs. In parallel, 
we characterized in detail the protein p18. This polypeptide 
behaves as a typical integral membrane protein of the 
nuclear envelope, can be localized by immunofluorescence 
and immunoelectron microscopy along the inner nuclear 
membrane, and binds directly to LBR in vitro (Simos, Maison 
& Georgatos, in preparation). The new information expands 
the horizons of our understanding and clearly suggests that 
the LBR complex is a molecular device that may couple 
the nuclear lamina to regulatory factors involved in nuclear 
metabolism. 

Role of lam ins and lam in-associated proteins 
in nuclear reassembly (J. Meier, C. Maison, 
S.D. Georgatos & A. Pyrpasopoulou) 

A major step forward in our studies on mitotic cells has been 
the finding that vesicles which represent fragments of the 
nuclear envelope contain LBR and B type lam ins in the form 
of a tight complex. Unlike the interphase LBR complex, the 
mitotic assembly does not contain A type lam ins (Meier & 
Georgatos, 1994). 
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PLATE 6 

Capture of chromosomes by mitotic vesicles immobilized on mag-
netic beads, in the presence of cytosol. Small arrows indicate 
vimentin filaments. Bar corresponds to 200 nm. 

To understand better the involvement of lamins in nuclear 
envelope reformation at the end of mitosis we have un-
dertaken a comprehensive study of nuclear reassembly 
using a combination of approaches. In one protocol, we 
have immunoisolated mitotic vesicles which contain B type 
lam ins and studied their properties in vitro. We found that 
such vesicles immobilized on magnetic beads can capture 
chromosomes in a cytosol and phosphorylation-dependent 
manner (Plate 6). Interestingly, stripping of the vesicles 
from lamins and other peripheral membrane proteins abol-
ishes their chromosome binding ability; however, cytosol-
and phosphorylation-dependent binding can be restored 
if the membranes are reconstituted with purified B type 
lamins (Maison, Pyrpasopoulou & Georgatos, submitted). 
In contrast to mitotic vesicles, nuclear envelopes isolated 
from interphase cells and stripped of peripheral membrane 
proteins by urea extraction show cytosol-and lamin inde-
pendent binding to chromosomes. However, when these 
envelopes are first treated with mitotic cytosol, reisolated, 
and then assayed, binding to chromosomes occurs only 
in the presence of cytosol and B type-Iamins. These ob-
servations suggest that mitotic vesicles target to chromo-
somes in a lam in-dependent manner, whereas interphase 
nuclear membranes may associate with chromatin through 
non-Iamin proteins. 

To explore this problem further, we used a new assay 
system developed in the laboratory in the last one and 
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a half years. More specifically, we have established that 
detergent-solubilized nuclear envelopes reconstituted into 
proteolipid vesicles exhibit high capacity protease-sensitive 
binding to chromosomes (see Research Reports 1993). To 
test whether the lamins are necessary for the binding of 
interphase nuclear membranes to chromosomes, we im-
munodepleted the system of lamins before reconstitution 
into vesicles using specific antibodies. Reconstituted vesi-
cles prepared from immunodepleted material showed sub-
stantial binding to chromosomes, reinforcing the idea that 
this interaction is lam in-independent. It remains to be seen 
whether the binding of lamin-depleted vesicles is affected 
by treatment of the proteoliposomes with mitotic cytosol and 
whether this is influenced by lam ins and cytosolic factors. 

Searching for non-Iamin nuclear envelope proteins that may 
interact with chromatin, we focused our attention on LBR. 
This polypeptide is known to possess two DNA-binding 
motifs in its N-terminal segment and has been shown to 
bind phage DNA in vitro. Preliminary results obtained in the 
last few months show that purified LBR does interact with 
chromosomes and polynucleosomes and that this binding is 
inhibited by adding excess of some core histones. 

Lens-specific intermediate filaments 
(F. Gounari, G. Goulielmos, S. Remington, 
F. Schwesinger & S.D. Georgatos) 

We have previously shown that differentiating fibre cells of 
the eye lens express specifically two IF proteins, filensin and 
phakinin. The two polypeptides co-polymerize into filamen-
tous structures which form a fibrous layer underneath the 
plasma membrane (for a review see Georgatos, Gounari 
and Remington, 1994). To characterize fully these lens-
specific filaments, we performed a series of in vitro as-
sembly studies using recombinant proteins expressed in 
bacteria. It turns out that wild-type filensin/phakinin filaments 
have the typical subunit packing of bona fide IFs. However, 
the heteropolymeric filaments contain 15 nm beads which 
have never been seen in ordinary IFs. Based on the dis-
tribution of mass along native filaments (as measured by 
scanning-transmission electron microscopy) and on other 
characteristics of the subunit molecules, we have been 
able to construct a model that may explain the subtructure 
of lens-specific IFs. In this model, we propose that the 
filaments consist of an inner core composed exclusively of 
phakinin protofilaments and an outer shell which contains 
filensin/phakinin oligomers. We further postulate that the 
beads on the surface of the lens IFs represent pairs of 
the tail domains of filensin. This information fits well in situ 
data which indicate that native filensin/phakinin filaments, 
as visualized in sections of lens cells, are naturally beaded 
(beaded filaments). 

In parallel, we also investigated the role of specific structural 
domains of filensin in partner recognition and heteropoly-
mer formation. The results of this analysis indicate 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 



PLATE 7 

Immunofluorescence staining of MCF-7 cells cotransfected with 
filensin and myc/phakinin expressing plasmids. Specimens were 

"functional" 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 the nucleus or the plasma membrane (Plate 7), or 
along the sides of preexisting vimentin filaments. The sum 
of these results strongly suggests that the unique features 
of lens-specific IFs (e.g., their obligatorily heteropolymeric 
constitution, beaded appearance and membrane associ-
ation) arise from the intrinsic properties of the subunit 
molecules and not from the influence of lens-specific fac-
tors. Armed with this knowledge, we are now cloning the 
mouse filensin gene as a first step towards a knock-out 
experiment. 

IF-associated proteins (N. Olivieri & F. Schwesinger) 

As we have previously described (Research report 1993), 
we are interested in cloning the IF-associated protein syne-
min. This protein is believed to modulate IF network ar-
chitecture in lens cells, nucleated erythrocytes and muscle 
fibres. For technical reasons, work on this topic did not 
progress much in the past year (we currently have ,,-,1/3 
of the chicken synemin sequence). However, the cloning 
of synemin is now continuing using optimized expression 
libraries and reagents generated in our previous studies. 

visualized with fluorescence microscopy. Samples were doubly-
stained with anti-filensin (a) and anti-myc (b) antibodies. 
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The molecular mechanisms underlying intracellular mem-
brane traffic are subjects of intensive investigation in cell 
biology. An established mode of transport between com-
partments is based on the budding and fusion of vesicular 
carriers, although it is unclear whether this is the only 
mechanism for the many transport routes of the biosynthetic 
and endocytic pathways. In vitro assays reconstituting indi-
vidual transport processes have illustrated the biochemical 
requirements for cytosolic and membrane factors. Cycles of 
assembly and disassembly of multi-protein complexes drive 
the vectorial traffic of transport vesicles. Cytoplasmic coat 
proteins are recruited onto nascent vesicles but, upon fusion 
with the target compartment, the coat is disassembled. A 
docking/fusion machinery is assembled at the docking site 
and then taken apart once fusion has been accomplished. A 
central problem is the understanding of how these protein-
protein interactions are regulated. The GTPase molecular 
switch is utilized in a wide number of biological functions, 
ranging from protein synthesis to cell growth. It is also used 
to regulate the interactions with components of the vesicle 
budding and docking machinery. 

Our group has been studying small GTPases of the Rab 
family. We have identified and characterized several Rab 
proteins expressed in mammalian cells and in yeast. First, 
we shown that Rab proteins are associated with spe-
cific intracellular compartments. Second, we could demon-
strate that they regulate distinct steps of intracellular trans-
port, particularly at the stage of vesicle docking and/or 
fusion. A combination of in vitro and in vivo studies has been 
used to study the cycle of GTP binding and hydrolysis in 
the functional mechanism of Rab proteins. We are currently 
searching for factors regulating the membrane association 
of Rab proteins and their as yet unknown effectors. 

In addition, by taking advantage of the specific features 
of epithelial cells and their polarization during embryonic 
development, we want to understand how membrane traffic 
is organized and modulated during cellular differentiation. 
Epithelial cells require distinct apical and basolateral exo-
cytic and endocytic transport pathways and an additional 
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transcytotic route to link the two plasma membrane do-
mains. To fulfill these specific requirements, additional com-
ponents of the machinery regulating intracellular transport 
are thus necessary compared to non-polarized cells. We 
are investigating this problem by focusing on the function of 
Rab proteins in the endocytic and transcytotic pathway of 
epithelial cells. 

The role of GTP-hydrolysis by Rab5 in intracellular 
transport (H. Stenmark, O. Steele-Mortimer & O. Ullrich) 

The small GTPase Rab5 regulates transport in the early 
endocytic pathway (Bucci et al., 1992). This protein is asso-
ciated with the plasma membrane, clathrin-coated vesicles 
and early endosomes, is necessary for the homotypic fusion 
of early endosomes in vitro and regulates the rate of endo-
cytosis in vivo. We continued our work (Chavrier et al., 1991) 
of mapping structural determinants that confer functional 
specificity to Rab proteins. Since the four regions consti-
tuting the GTP-binding site display the highest sequence 
conservation among Rab family members, other regions 
must interact with specific regulatory factors and effectors. 
Candidate regions are those which are affected by the con-
formational change in the GTP/GDP cycle. We tested this 
working hypothesis. First, we combined multiple sequence 
alignments and molecular modelling in collaboration with Al-
fonso Valencia (Sander's group) to predict candidate regions 
for functional specificity in the Rab5 molecule. Second, with 
the group of B. Goud (Pasteur Institute, Paris) we tested 
the role of these elements experimentally, by transplanting 
them onto Rab6, which functions in intra-Golgi transport. 
In agreement with previous results (Chavrier et al., 1991), 
we found that the C-terminus of Rab5 could target Rab6 to 
the plasma membrane and early endosomes. However, al-
though necessary for localization, this region did not suffice 
to confer Rab5-like stimulation of endocytosis on the hybrid 
protein. The regions implicated in the conformational change 
during the GTP/GDP cycle (helix a2/loop5, a3/loop7, and 
the effector loop) as well as the N-terminus were additionally 
found to be required for the regulatory function of Rab5. 
Work carried out in collaboration with Peter Metcalf's group 



has elucidated the structure of the first Rab protein (Rab7), 
thus contributing novel insights into the structural/functional 
determinants of this family of small GTPases. 

The non-hydrolyzable analogue of GTP, GTP,S, has been 
shown to exert an inhibitory effect on virtually all in vitro 
transport reactions. Given the function of Rab proteins in in-
tracellular transport, these observations had suggested a re-
quirement of GTP hydrolysis by Rab proteins for membrane 
fusion. However, the interpretation of these experiments has 
been complicated by the lack of specificity of this inhibitory 
analogue. To test directly the role played by GTP-hydrolysis 
in the activity of Rab5, the effect on endocytosis of two mu-
tants with opposing biochemical properties were analysed 
in baby hamster kidney (BHK) cells. Rab5Q79L, which is 
found mainly in the GTP-bound form due to decreased intrin-
sic GTPase activity, stimulated homotypic early endosome 
fusion in vitro, increased the rate of transferrin uptake and 
caused the appearance of unusually large early endocytic 
structures in vivo. The rate of recycling was also inhibited 
in these cells. In contrast, expression of Rab5 S34N, which 
has preferential affinity for GOP, induced the accumulation 
of very small endocytic vesicles and inhibited transferrin 
endocytosis. This protein inhibited fusion between early 
endosomes in vitro. The opposite effects of the Rab5 Q79L 
and S34N mutants suggest that (i) Rab5:GTP represents 
the active form of the molecule, (ii) that GTP hydrolyis is 
not required for membrane fusion but (iii) that it is required 
for inactivation of the protein after fusion. 
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PLATE 8 

Model for the mechanism of membrane association of Rab5. Bind-
ing of Rab5 to the membrane is mediated by Rab GOI. The complex 
is recognized by a membrane receptor which dissociates Rab 
GOI and converts Rab5:GOP into the GTP-bound form (Ullrich 
et a/., 1994). The receptor may consist of two distinct molecules, 
one of which functioning as a guanine nucleotide exchange fac-
tor (GEF). In the case of newly synthesized Rab5, after forming 

A multi-step mechanism for the membrane association 
of Rab proteins (0. Ullrich, H. Horiuchi & K. Alexandrov) 

In the case of Rab GTPases, the cycle of GTP binding and 
hydrolysis is coupled to the cycle of membrane association 
and dissociation. In the cytosol Rab proteins are complexed 
to Rab GOI (GOP dissociation inhibitor), a protein which 
stabilizes the GOP-bound conformation by inhibiting the dis-
sociation of GOP (Araki et a/., 1991). Interestingly, this factor 
is also able to extract Rab proteins from the membrane, an 
activity that may serve to recycle Rab proteins back to the 
donor compartment after GTP-hydrolysis. To address this 
question, we have developed an in vitro assay that reconsti-
tutes the process of membrane targeting of Rab GTPases. 
For this, the cytosolic form of Rab5 has been assembled 
in vitro by complexing purified GOP-bound Rab5 to Rab 
GOI. After incubation of the complex with streptolysin-O 
permeabilized cells, exogenously added Rab5 was correctly 
targeted and functionally active i.e. it promoted early endo-
some fusion. This process required Rab GOI which, upon 
binding of Rab5 to the membrane, was released. Surpris-
ingly, we found that Rab5 initially binds to the membrane 
in the GOP-bound form despite the observed release of 
Rab GOI. Subsequently, the GOP-bound form is converted 
into the GTP-bound form. Thus, the process of membrane 
association of Rab5 appears to be a mUlti-step reaction in 
which one or more factors bind Rab5 complexed to Rab GOI 
induce the dissociation of Rab GOI, and catalyze GOP/GTP 
exchange. 

GOP 

a complex with REP, the molecule is presented to the catalytic 
component of Rab geranylgeranyl transferase. Following geranyl-
geranylation, the Rab protein-REP complex is targeted to the mem-
brane where dissociation of REP and GOP/GTP exchange occur 
(Alexandrov et a/., 1994). It is likely that the two types of complexes 
(Rab5-GOI and Rab5-REP) are recognized by the same receptor 
machinery. 
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Rab proteins are synthesized as soluble proteins and are 
post-translationally modified by addition of the 20-carbon 
isoprenoid geranylgeranyl to C-terminal cysteines. This re-
action is catalyzed by a multisubunit enzyme, Rab geranyl-
geranyltransferase, composed of a catalytic heterodimer of 
a and (3 subunits, and an accessory component, named 
Rab escort protein (REP-1). In vitro studies have suggested 
that REP-1 forms a complex with non-prenylated Rab pro-
teins, presents them to the catalytic component of the en-
zyme and remains complexed with the prenylated proteins 
following the transfer reaction. A cellular factor was thought 
to dissociate REP-1 and insert the Rab protein into the 
membrane. Rab GOI was considered an ideal candidate for 
this role as it mediates membrane association of prenylated 
Rab proteins. In collaboration with M. Seabra (University 
of Texas), we studied the membrane association of in vitro 
prenylated Rab proteins. Following geranylgeranylation, the 
Rab-REP-1 complexes were purified and incubated with 
streptolysin O-permeabilized cells. In vitro prenylated Rab 
proteins complexed to REP-1 were targeted to their correct 
compartments where they were fully active. Surprisingly, 
neither RabGOI nor other cytosolic factors were required for 
this process. Further work revealed that REP-1 itself acts 
as a GOP dissociation inhibitor and, similar to Rab GO I, 
can also remove Rab proteins from membranes. However, 
RabGOI cannot assist in the prenylation reaction. Thus, 
REP-1 appears to accompany newly synthesized Rab pro-
teins to their correct compartments, whereas RabGOI is 
responsible for the constitutive shuttling of Rab proteins 
between the cytosol and the membranes. 

Search for Rab5 regulatory components 
(H. Horiuchi, H. Stenmark, G. Vitale, A. Giner, 
G. Astvatstouriants & O. Baykova) 

The in vitro assay described above has been used to search 
biochemically for components mediating the membrane as-
sociation of Rab proteins. In collaboration with Bernard 
Hoflack we have investigated whether Rab5, which regu-
lates the clathrin coated vesicle-mediated endocytic path-
way, can associate directly with the membrane of clathrin 
coated vesicles (CCV) purified from bovine brain. RabGOI 
can specifically deliver Rab5 to these vesicles but not Rab7, 
which is localized to late endosomes. Furthermore, CCV 
contain a heat- and trypsin-sensitive activity which stim-
ulates 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 components of the coat. Maxi-
mal GOP-dissociation stimulation required the presence of 
RabGOI, suggesting that the factor(s) responsible for the 
membrane association and GOP/GTP exchange of Rab5 
recognize the protein complexed to RabGOI. Since CCV 
are competent for acquiring Rab5 and for converting the 
molecule into the GTP-bound active form, we are currently 
using this vesicle preparation to purify these activities. 

In addition, we made use of the yeast two-hybrid system 
(Chien et al., 1991) to search for downstream targets of 
the GTP-bound active form of Rab5. For this purpose the 
screening was carried out with activated mutant Rab5 Q79L. 
Yeast cells transformed with a human cONA library were 
screened for the expression of both the auxotrophic reporter 
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marker His3 and the independent reporter (3-galactosidase. 
A clone was isolated which interacts strongly with Rab5 
Q79L, weakly with wt Rab5 but interacts neither with Rab5 
S34N nor with three other small GTPases, Rab4, Rab6 and 
Ras. It is possible that this cONA clone encodes a potential 
effector specifically interacting with the GTP-bound active 
form of Rab5. 

Functional characterization of Rab5 
homologs in Saccharomyces cerevisiae 
(B. Singer-KrOger & H. Stenmark) 

As an independent approach to identify regulatory factors 
for Rab5, we have searched for homologs in yeast to make 
use of genetic screening techniques. By a combination of 
the PCR-based cloning approach and sequencing of the 
yeast chromosome XI (collaboration with P. Philippsen's 
laboratory, Basel) we identified three genes from Saccha-
romyces cerevisiae, YPT51, YPT52 and YPT53, encoding 
proteins with 52-54% identity to Rab5. In collaboration with 
the groups of P. Philippsen and O. Gallwitz (G6ttingen), we 
performed a phenotypic characterization of single, double 
and triple deletion mutants. Endocytic delivery to the vacuole 
of two markers, lucifer yellow CH (LY) and a-factor, was 
inhibited in llypt51 mutants and this defect was aggravated 
in the double ypt51ypt52 and triple ypt51ypt52ypt53 mu-
tants. The ypt mutants displayed a number of additional 
phenotypes reminiscent of some vacuolar protein sorting 
(vps) mutants. Ypt51 p, Ypt52p, and Ypt53p appear to be 
required for both transport in the endocytic pathway and for 
correct sorting of vacuolar hydrolases. 

Since the ypt51 null mutant is characterized by a number 
of clearly detectable phenotypes, we focused our studies 
on the function of Ypt51 p. When this protein was expressed 
in mammalian cells, it was targeted to Rab5-positive early 
endosomes and stimulated endocytosis. Ypt51 p mutants de-
fective in guanine nucleotide binding or hydrolysiS induced 
similar morphological alterations as the corresponding Rab5 
mutants. Thus, Ypt51 p behaves as a regulator of endocy-
tosis in mammalian cells. In yeast cells, Ypt51 p was also 
found to be required at an early step in endocytosis, since 
a-factor accumulated in an early endocytic intermediate 
in the absence of Ypt51 p. Subcellular fractionation studies 
indicated that Ypt51 p is associated with endocytic interme-
diates, but not with the late Golgi compartment. Similar to 
that observed in .mammalian cells, larger Ypt51 p-positive 
structures were revealed upon expression of Ypt51 p Q66L. 
These structures were also positive for a-factor receptor and 
for carboxypeptidase Y. Collectively these data demonstrate 
that Ypt51 p resides on an endocytic organelle which lies at 
the convergence of the vacuolar biosynthetic and endocytic 
pathways. 

Rab proteins in polarized epithelial cells and in 
embryonic development (A. LOtcke, C. Murphy, 
C. Bucci, L. Martin-Parras, B. Yu & 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. 



So far no factors which selectively control epithelial cell-
specific transport routes have been identified. Given their 
established role in regulating defined steps of vesicular 
transport, we have investigated the function of Rab proteins 
in these cells. We began by studying Rab5. In collaboration 
with A. Wandinger-Ness (Northwestern University, USA) we 
determined that in kidney tubule and Madin-Darby canine 
kidney (MDCK) cells the protein is associated with both the 
apical and basolateral plasma membrane domains and un-
derlying structures and its overexpression causes a two-fold 
increase in fluid phase uptake from both domains of the cell. 
Therefore, Rab5 functions in both apical and basolateral 
endocytosis and it is per se 'hot sufficient to target endocytic 
vesicles to apical or basolateral early endosomes. This work 
complements a study carried out by Carlos Dotti's group 
which demonstrated that Rab5a regulates both dendritic and 
axonal endocytosis in hippocampal neurons. 

It thus appears that Rab5, which is ubiquitously expressed, 
does not contribute to the polarity of the endocytic pathway 
in epithelial cells. These data, however, do not rule out 
the possibility that other Rab proteins may be specifically 
expressed in these cells to regulate specialized membrane 
traffic routes. Using a combination of cDNA library screen-
ing and PCR-based cloning approaches we had previously 
identified several novel Rab proteins (in collaboration with 
the Simons' group), thereby extending the total number 
of this family to more than 30 members. The expression 
pattern of these proteins was studied in mouse organs 
by Northern blot analysis. Rab17, Rab18 and Rab20 were 
selected for further studies, either because their expression 
correlated with the generation and maintenance of cell po-
larity or because they were localized to apical endocytic 
organelles. 

Rab17 was found to be expressed in kidney, liver, and intes-
tine but not in organs lacking epithelial cells nor in fibrob-
lasts. In the developing kidney, Rab17 is absent from the 
mesenchymal precursors but is induced upon their differenti-
ation into polarized epithelial cells. The protein was localized 
to the basolateral plasma membrane and to apical endocytic 
tubules. Interestingly, recent studies have shown that the 
basolateral-to-apical transcytotic route transits through an 
apical endosome in polarized Madin Darby canine kidney 
(MDCK) cells (Barroso & Sztul, 1994; Apodaca et al., 
1994). Therefore, Rab17 may possibly function in apical 
endocytosis and/or transcytosis. We studied its function in 
collaboration with Rob Parton and E. Lehtonen (University 
of Helsinki) by undertaking two approaches. First, the ex-
pression pattern of Rab17 suggests that this protein is re-
quired at a precise stage during epithelial cell differentiation 
and embryonic development. We therefore investigated the 
function of Rab17 in vivo, by generating transgenic mice 
which express wild-type Rab17 and two mutants defective 
in either GTP hydrolysis or in GTP binding, under the control 
of the interferon-inducible Mx promoter. Several transgenic 
mice have been analysed for the inducible expression of 
the Rab17 proteins. We are currently examining by morpho-
logical analysis whether the mutant proteins affect kidney 
development both in vivo and in vitro. Second, we are 
investigating the role of Rab17 in cultured epithelial EpH4 
cells derived from mouse mammary gland (Reichmann et 

al., 1989). Stably transfected EpH4 cells have been selected 
which express wild-type and mutant Rab17 proteins in an 
interferon-inducible manner. Experiments are in progress 
to measure the rate of fluid phase and receptor-mediated 
endocytosis and transcytosis in these cells. For this purpose 
we take advantage of an Fc receptor-LDL receptor chimera 
(FcL R5-27) which is endocytosed and transcytosed in both 
apical-to-basolateral and basolateral-to-apical directions in 
MDCK cells (Matter et al., 1992). 

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. Interest-
ingly, electron microscopic studies revealed that, similar to 
Rab17, Rab18 and Rab20 are also located in apical dense 
tubules. It is therefore possible that Rab18 and Rab20 play 
a role in apical endocytosis/recycling. Using these three Rab 
proteins as functional markers, we hope to gain insights into 
the molecular machinery that specifically controls transport 
in the endocytic pathway of polarized epithelial cells. 

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

Rab proteins are clearly not the only factors required for the 
conversion of mesenchymal cells into polarized epithelial 
cells. Components regulating the function of Rab proteins as 
well as other elements of the transport machinery are also 
likely to be induced. Our aim is to identify them using the 
developing metanephric kidney as an experimental system. 
This project involves the Simons' group and the group of E. 
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 transcripts which are differentially 
expressed during the transition from mesenchyme to epithe-
lium. We have determined the nucleotide sequence of these 
cDNA clones. 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 both in 
the mesenchyme and in the epithelium but is downregulated 
in the adult kidney. It 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 and encodes a novel 
protein. We are in the process of studying the expression 
of these genes by in situ hybridization and to characterize 
functionally the B102 protein. 
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Mechanisms of chromosome transmission 
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Assistant: A. Ashford 

At mitosis, mitotic chromosomes bind to the microtubules of 
the mitotic spindle and by this interaction segregate into two 
equal masses of DNA. A cleavage furrow then bisects the 
mitotic spindle separating the two masses of DNA into two 
daughter cells. We study the processes on mitotic spindle 
assembly, chromosome interaction with the mitotic spindle 
and formation of the cleavage furrow 

Interaction of chromosomes with 
microtubules of the mitotic spindle 

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. The centromere of complex eukaryotes can 
be 2-10 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. 
In collaboration with Peter Sorger (MIT) we have estab-
lished an in vitro assay with which we have separated 
the DNA from the microtubule binding components of the 
kinetochore. This year we have established a biochemi-
cal purification strategy to purify the microtubule binding 
components of the kinetochore. This strategy employs a 
combination of conventional biochemistry followed by affinity 
chromatography on a column containing centromere DNA. 
Using this approach we have identified a number of spots 
on 20 gels which appear to form the microtubule binding 
complex of the kinetochore. The proteins of the kinetochore 
are extremely rare and purification of sufficient material 
for conventional sequencing will be extremely time con-
suming. We are collaborating with the group of Mattias 
Mann using mass spectroscopy to circumvent these prob-
lems. 

We have taken a genetic approach to isolate components 
of the yeast kinetochore. Previously, we isolated three plas-
mids using a high copy suppression analysis which rescued 
defects in known components of the kinetochore. This year 
we have cloned and sequenced one of the plasm ids that 
rescues kinetochore defects in the in vitro assay, suggesting 
a direct role in kinetochore function. 

Assembly of the mitotic spindle 

We are examining the regulation of microtubule dynamics 
during the assembly of the mitotic spindle. Microtubule 
polymer dynamics can be described by the growth rate, the 
shrinkage rate and the rate at which microtubules transit 
between growing and shrinking states, the catastrophe rate. 
As cells enter mitosis, the rate of catastrophe increases 
1 O-fold. Chromatin then locally stabilizes these microtubules 
during microtubule spindle formation. We would like to 
understand the process by which the catastrophe rate of 
microtubules increases at mitosis, and the mechanisms by 
which chromatin locally stabilizes microtubules. Work in 
S.Pombe has implicated phosphatases in control of mi-
crotubule dynamics. This year, in collaboration with the 
laboratory of Eric Karsenti, we have further investigated the 
role of phosphatases in regulating microtubule dynamics. 
We have established a reliable assay to follow microtubule 
dynamics in Xenopus cytoplasmic extracts. Using this as-
say, we have shown that the activity of PP2a is required 
to keep microtubules in a mitotic state. We are currently 
investigating the role of phosphatases in locally stabilizing 
microtubules in the spindle. 

Formation of the cleavage furrow 

Microtubules of the mitotic spindle signal the position of the 
cleavage furrow and the mechanisms by which they do so 
remain obscure. We want to develop an in vitro assay with 
which to investigate the regulation of cortical behaviour by 
microtubules in Xenopus extracts. To develop this assay 
we need to know the cell cycle timing of cleavage furrow 
formation so that we can set up an in vitro assay at the 
correct time of the cell cycle. This year we conclusively 
demonstrated that the cleavage furrow will not form until 
cyclin destruction starts and will form only during the period 
of cyclin destruction. We have further developed procedures 
to isolate pieces of cortex from Xenopus eggs in quantities 
that will allow analytical biochemistry of the cortical changes 
taking place during cytokinesis. 

To study biochemical changes in the cortex, we have cloned 
the Xenopus homologues of the Septin proteins, a class of 
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Microtubules in a Xenopus egg treated with methylated ubiquitin. 
This treatment has caused the formation of many poles and thereby 
inducing multiple cortical contractions. 

proteins that appear to be important in cytokinesis in both 
yeast and Drosophila, and are investigating the biochemical 
changes in these proteins through the cell cycle. 
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We are interested in the characterization of the membrane 
traffic pathways underlying the formation and maintenance 
of the axonal and dendritic plasma membrane. For our work 
we use hippocampal neurons in culture obtained from 17-18 
day old rat embryos. The rationale for using this cellular sys-
tem is twofold. First, these cells constitute a homogeneous 
population of neuronal cells, mostly pyramidal cells. Sec-
ondly, these cells develop morphologically and functionally 
distinct axons and dendrites in culture which resemble their 
counterparts in situ. The existence of two distinct plasma 
membrane domains in neurons, the axon and dendrites, 
led us to investigate whether the basic machinery involved 
in their formation and maintenance was similar to that of 
epithelial cells, which also have two distinct plasma mem-
brane domains. Hence, using experimental tools proven 
useful in the analysis of plasma membrane asymmetry of 
epithelial cells, we are analyzing in polarized neurons the 
mechanisms of exocytosis, endocytosis, and transcytosis. 

The neuronal exocytic pathway 

To analyse how newly synthesized membrane proteins are 
sorted to the axonal and dendritic plasma membrane we 
take advantage of the same experimental approach uti-
lized to study membrane biogenesis in epithelial cells. Fully 
mature hippocampal cells are infected with RNA viruses 
and the distribution of the viral glycoproteins is analyzed 
by light and electron microscopy. In previous work we ob-
served that upon infection with the vesicular stomatitis virus 
(VSV), the viral glycoprotein G was localized to the den-
dritic plasma membrane, whereas infection with fowl plague 
virus (FPV) led to the axonal delivery of the glycoprotein 
haemagglutinin (HA) (Dotti & Simons, 1990). Utilizing this 
experimental paradigm we have now focused on the role 
of one small GTP-binding protein, Rab8, in this vectorial 
traffic. We chose this protein because of its involvement in 
transport from the trans-Golgi network to the basolateral 
plasma membrane of epithelial cells (Huber et al., 1993). 
By immunofluorescence microscopy we found Rab8p in the 
cell body and dendrites of fully polarized hippocampal neu-
rons. Double immunofluorescence experiments revealed its 
partial co-localization with newly synthesized viral glycopro-
teins. To determine its functional role we blocked protein ex-
pression with sequence-specific antisense oligonucleotides. 

Neurons thus treated failed to support dendritic traffic of 
newly synthesized viral glycoproteins. Axonal traffic was 
not impaired. Interestingly, addition of the same antisense 
oligonucleotides to polarized neurons at early stages of de-
velopment resulted in blockage of membrane traffic to both 
the axonal and dendritic plasma membrane. Our data show: 
(a) the specific involvement of one small GTP-bp in mem-
brane sorting, and (b) the late developmental occurrence of 
sorting. 

The neuronal endocytic pathway 

In hippocampal neurons internalization of fluid phase ligands 
and membrane proteins takes place along the entire length 
of dendrites. On the contrary, in the axons, internalization is 
restricted to regions containing synaptic vesicles. Internal-
ized molecules first accumulate in early endosomes where 
they are recycled back to the plasma membrane or are 
delivered to the late endosomes and Iysosomes located in 
the cell body. Since the axonal and dendritic plasma mem-
brane differ in molecular composition and are surrounded 
by a different milieu, we investigated whether the endocytic-
specific small GTP-binding protein Rab5 was associated 
with the axonal or dendritic endosomes. By Western blot 
and two-dimensional gel electrophoresis and [a 32p] GTP 
overlay we determined the expression of Rab5 protein in 
the cultured neurons. By immunofluorescence microscopy 
we found Rab5 along the entire length of dendrites and 
at restricted areas along the axon which corresponded to 
areas of synaptic vesicle clusters. That the axonal and 
dendritic Rab5 was indeed associated with early endosomes 
was confirmed by labelling the cells with the fluid phase 
ligand lucifer yellow. Subcellular fractionation of brain tis-
sue showed the presence of Rab5 in synaptosomes and 
synaptic vesicles. To determine the functional involvement of 
Rab5 in both endosomal populations we over-expressed the 
wild-type and mutant forms of the protein using the Semliki 
Forest virus expression system. Over-expression of these 
proteins resulted in the enlargement of endosomes in axons 
and dendrites. These results show the functional association 
of the same Rab protein to endosomes internalizing different 
membrane proteins. Hence, internalized axonal or dendritic 
membrane proteins may recognize their corresponding en-
dosome via other Rab proteins. 

37 



PLATE 10 

The dendro-axonal transcytotic pathway. 
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In certain epithelial cells, like hepatocytes and intestinal 
cells, transcytosis is used to generate membrane asymme-
try. In these cells, certain apical proteins are first delivered to 
the basolateral plasma membrane, then retrieved into early 
endosomes, and from there delivered to the apical surface 
via transcytosis. By analogy with epithelial cells, if the axonal 
plasma membrane is formed using the same mechanism 
as the apical membrane, one would predict that neurons 
may deliver some axonal proteins to the dendritic membrane 
first and then sort them to the axonal membrane. Since 
transcytosis is also used by epithelia to transport ligands 
from the basolateral milieu to the apical or lumenal medium, 
one could also 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. 
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One of the best characterized transcytosed molecules is the 
polymeric immunoglobulin receptor (plgR) and its associ-
ated ligand IgA. When expressed in epithelial kidney cells, 
the receptor is first shuttled from the Golgi apparatus to the 
basolateral surface. From there, independent of the pres-
ence of ligand, the receptor is carried into submembranous 
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 in-
troducing plgR into neuronal cells using the Semliki 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. This result suggests that neurons may possess 
a dendritic to axonal transcytotic pathway. We are now 
analysing whether this pathway also exists in vivo and its 
possible functional role. 
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Genetic analysis of cell division in Drosophila 

Group leader: C. Gonzalez* 

Assistant: S. Llamazares* 

Research in our laboratory is directed towards the charac-
terization of the elements that build up the mitotic apparatus, 
the machinery that drives cell division, in higher eukaryotes. 
Our work is largely based on Drosophila melanogaster as 
it provides a good model for eukaryotic cell division, an 
excellent system for genetic analysis, and is amenable to 
modern molecular biology and cytological techniques. 

During the last years, different laboratories have identified 
many components of the mitotic apparatus and developed 
protocols that allow us to study many aspects of the process 
of cell division in Drosophila, both in vitro and in vivo. 
As a result, we are now in an unprecedented situation 
to tackle the many questions that remain open regarding 

the mechanisms that drive and control cell division in this 
organism. 

From these, we are especially interested in the function of 
the centrosome, the major microtubule organizing centre of 
the cell. This organelle, a key component of the mitotic 
apparatus, plays an essential role in the establishment 
of spindle bipolarity and the stabilization of the spindle 
microtubules. We plan to centre most of our future work 
in the dissection of this organelle. In the short term we 
will focus on the molecular and genetic analysis of the 
')'-tubulin genes. We also plan to identify new centrosomal 
components and to develop in vitro assays for centrosome 
function in Drosophila. 
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Differentiation Programme 

Introduction 

Higher organisms consist of a large number of cell types 
which have to act in a coordinated and interdependent 
fashion for the organism to develop, to function and to 
survive in a changing environment. An important prereq-
uisite for such interactions is the cells' ability to emit and 
to receive information, and to respond to external signals 
in a biologically appropriate way. In the past few years 
our understanding of the mechanisms by which cells re-
ceive signals, transmit them from the cell surface to the 
nucleus and translate them into changes of gene activity 
has dramatically expanded. A few prototypic signal trans-
duction pathways are now known in some detail. Thus we 
can account for the relay of, for example, a growth factor 
signal emanating from an activated receptor on the cell 
surface via a series of adaptor molecules to Ras, followed 
by a kinase cascade, that ultimately activates or represses 
various transcription factors. The Differentiation Programme 
continues to investigate the molecular mechanisms of signal 
transduction: Several groups are studying ubiquitously act-
ing components, such as the Src family of protein tyrosine 
kinases and their protein targets, or transcription factors 
that are regulated by signal-dependent phosphorylation and 
ubiquitination. 

As the principles of cellular signal transduction become ap-
parent, new questions are being pursued in the Programme: 
How are these principles used (and perhaps modified) in 
specific biological situations, such as the control of the 
delicate equilibrium between cell growth, quiescence and 
programmed cell death in specialized cells and how are 
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cell fates and patterns defined during development. More 
specifically, some groups are exploring the role of growth 
factors (FGF, neurotrophins and their receptors) during 
embryogenesis and organogenesis, using a combination 
of biochemical and genetic approaches, including targeted 
mutagenesis in mice. Others 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 
(Drosophila eye, germ cells and appendage development) 
as well as vertebrate systems (haematopoietic cells). One of 
the fascinating discoveries of such studies is that the same 
molecular switches are employed over and over again in 
seemingly very divergent and specialized biological situa-
tions such as during growth control (and its aberration in 
oncogenesis), differentiation, and pattern formation. Work 
in the Programme and elsewhere has, for example, shown 
that the cAMP-dependent protein kinase acts as a down-
stream effector of the morphogen hedgehog in Drosophila 
appendage- and complex eye formation; that the GTPase 
Ras functions in the relay of neurotrophic signals; and 
that the transcription factor Jun, a proto-oncogene prod-
uct, triggers photoreceptor differentiation in ommatidia of 
the Drosophila eye. It thus appears that the coordinated 
action of ubiquitous and specific components define biolog-
ical complexity. It remains the underlying concept of the 
Programme that understanding differentiation and growth 
control requires research on both the biochemical basis for 
information management in the cell, and on the molecular 
genetics of more complex models. 



Control of avian blood cell differentiation by normal and 
oncogenic transcription factors 

Group leader: T. Graf 

Scientist: J. Frampton 

Fellows: N. Kraut*, H. Kulessa, K. McNagny, R. Nibbs*, T. Ramqvist*, F. Rossi, M. Sieweke, M. Weigand* 

Assistants: G. D5derlein, S. Grieser-Ade*, A. Marknell de Witt*, H. Tekotte* 

The haematopoietic system is uniquely suited to study 
the molecular mechanisms that underly decision-making 
processes during differentiation, as eight well-defined cell 
types are continuously generated from a pool of stem cells 
present in the embryo and 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 efficiently 
transform haematopoietic cells in culture and in animals. 
This allows the production of large numbers of homogenous, 
precursor-type cells whose properties can be analysed be-
fore and after inactivating the oncogene which drives their 
proliferation. 

As a model we have been studying the .E26 leukaemia 
virus, which encodes a nuclear oncoprotein consisting of 
a fusion between mutant versions of the transcription fac-
tors Myb and Ets-1. The E26 virus transforms myeloblasts 
(committed precursors of macrophages and granulocytes) 
and in addition multipotent progenitors designated "MEPs" 
(Graf et a/., 1992) which can differentiate along four distinct 
lineages (thrombocytes, eosinophils, myeloblasts and ery-
throcytes, Plate 11). Besides using E26 virus as a tool to 
study haematopoiesis we are interested in understanding 
the mechanism by which the Myb-Ets oncoprotein trans-
forms specific haematopoietic target cells and how it causes 
leukaemia. 

A novel targeted excision approach to determine 
the role of Myb and Ets in blocking MEP cell 
differentiation (F. Rossi & K. McNagny) 

To analyse the roles of Myb and Ets within the fusion 
oncoprotein in blocking the differentiation of multipotent pro-
genitors, we have used temperature-sensitive (ts) mutants 
of E26 with point mutations in either the Myb or Ets DNA 
binding domains. Work with Mybts-Ets mutant-transformed 
MEPs showed that they can be induced to differentiate along 
the thrombocytic lineage, when Myb is inactivated by a shift 
to the non-permissive temperatures (Plate 11). In contrast, 
Myb-Etsts-transformed MEPs can be induced to differentiate 
predominantly along the erythroid lineage when Ets is inac-

tivated (Kraut et a/., 1994; Plate 11). These results suggest 
that Myb and Ets inhibit two different commitment pathways 
in multipotent progenitor cells. However, this interpretation 
is complicated by the observation that, while Myb-Ets or 
Mybts-Ets MEPs more closely resemble thromboblasts even 
at the permissive temperature, Myb-Etsts transformed MEPs 
resemble erythroblasts (Plate 11), possibly because Ets is 
already weakened under these conditions. 

To obtain a clearer picture about the role of Ets in MEPs we 
used an alternative approach in which portions of E26 provi-
ral DNA were deleted in transformed cells, using the yeast 
FLP recombinase fused to the hormone-binding domain of 
the human oestrogen receptor (ER). In this system, the ER 
domain confers oestrogen inducible activation of the recom-
binase, as has been shown by our collaborators C. Logie 
and F. Stewart at EMBL. Therefore, to determine whether 
thromboblast MEPs can be induced to change their phe-
notype into erythroid cells when Ets is destroyed, we con-
structed a gag-myb-ets containing retroviral vector, where 
ets was flanked by minimal length FLP recombinase targets. 
Ets can then be excised from the integrated virus when the 
FLP-ER recombinase, engineered as a second gene into 
the same virus, is activated by hormone addition to the cells. 
This construct was found to transform haematopoietic cells 
with a phenotype indistinguishable from MEPs transformed 
by the original E26 virus. Treatment of the transformed cells 
with oestradiol or oestrogen-analogs induced deletion of the 
Ets domain of the Gag-Myb-Ets oncoprotein in up to about 
40% of the cells and induced a switch from a thromboblast 
to an erythroblast phenotype in a subpopulation of the 
MEPs. Cell sorting experiments showed that the switch in 
phenotype correlated with the subpopulation that had lost 
the ets gene. 

These results demonstrate that ets in myb-ets transformed 
MEPs interferes with the gene expression programme of 
erythroid differentiation. The experiments described are the 
first application of the FLP-ER technique to a biological 
system. The method should also be applicable to other sys-
tems, permitting the analysis of individual protein domains 
in living cells. 
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PLATE 11 Myb 
Myb-Ets 1. @ Thrombocyt' The scheme shows two types of haematopoi-

etic progenitors "MEPs" transformed by different 
versions of the Myb-Ets oncoprotein. Arrows in-
dicate their differentiation potentials and agents 
that can specifically release the block imposed 
by the fusion protein (inactivation of Myb induces 
a differentiation into thrombocytes, treatment 
with TPA differentiation into either eosinophils 
or myeloblasts and inactivation of Ets differen-
tiation into erythrocytes, myeloblasts and possi-
bly eosinophils). In addition, v .... Myb specifically 
inhibits the differentiation of myeloblasts into 
macrophages. It is not yet known whether the 
two types of MEPs arise from a common target 
cell. 

@--
Thromboblast-MEP 

Myb-Etsts 

Eosinophil 

Myb 
1 

Proteins that interact with Ets 
(M. Sieweke & H. Terkotte) 

@ 
Erythroblast -MEP 

Previous work in our laboratory indicated that the Ets por-
tion of the Myb-Ets fusion protein is required to transform 
MEP-type cells, both in animals and in cell culture. Fur-
thermore, v-Ets alone, but not c-Ets-1, transforms more 
mature erythroid cells. In vitro analysis of DNA binding 
potential demonstrated that v-Ets binds strongly to specfic 
Ets binding sites (EBS), while c-Ets-1 is impaired in its 
DNA-binding capacity, probably by an intramolecular re-
pression mechanism. In transient transfections, however, 
both proteins transactivated equally well, suggesting that 
cellular factors can activate c-Ets (Lim et al., 1992). Both 
the in vivo and in vitro data indicated that c-Ets activity 
is highly regulated, whereas v-Ets has lost these control 
mechanisms. To investigate the possibility that interaction 
with other proteins modulates Ets qctivity, we performed a 
yeast interaction screen. As a "bait" we used a truncated 
c-Ets-1 construct lacking the transactivation domain which 
was introduced into a test strain with an EBS-containing 
a lac-Z reporter. This strain was then transformed with a 
quail cDNA expression library tagged with a, VP16 tran-
scriptional activator. The transformants were screened for 
those colonies in which the lac-Z reporter was activated as 
a consequence of interaction between the bait and a library 
transactivator protein. 

We isolated three specifically interacting clones, two of 
which belong to the Myc family of bHLHZip transcription 
factors and one which represents a new member of the 
Maf family of bZip proteins. It has been shown that Maf 
proteins bind to extended AP-1 consensus binding sites and 
that some family members (MafF, MafK and MafG) can het-
erodimerize with p45 to form the erythroid-specific transcrip-
tion factor NF-E2. By contrast, we found that the novel mem-
ber is specifically expressed in cells of the myelomonocytic 
lineage of the haematopoietic system. Furthermore, it re-
presses c-Ets-1 transactivation of EBS-containing erythroid-
specific promoters and inhibits the induction of erythroid 
differentiation of a stably transfected erythroblast cell line. 
These observations suggest that a novel myeloid-specific 
member of the Maf family suppresses differentiation along 
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the erythrOid lineage by inhibiting c-Ets-1. Currently we are 
investigating whether the factor is required for macrophage 
differentiation and whether it can cooperate positively with 
myeloid-specific Ets family members. 

V-Myb inhibits apoptosis in E26-transformed 
myeloblast by regulating the bc/-2 oncogene 
(J. Frampton & T. Ramqvist) 

One aim of the group is to identify target genes tran-
scriptionally regulated by the E26-encoded Myb-Ets protein. 
Such target genes should, in turn, help to explain how 
the oncoprotein blocks differentiation and how it induces 
proliferation of specific haematopoietic cell types. In earlier 
work we identified a first direct target gene of v-myb in 
myelomonocytic cells, called mim-1. Although this gene is 
specifically expressed in myelomonocytic and eosinophilic 
cells (both transformed and normal), its function has re-
mained elusive. We have now obtained evidence that v-
myb prevents apoptosis of myelomonocytic cells and up-
regulates the bcl-2 gene (bcl-2 is an oncogene originally 
identified in a translocation in human follicular lymphoma 
and has been shown to prevent programmed cell death). 
Myeloblasts transformed with a temperature-sensitive Myb 
E26 mutant and shifted to the non-permissive temperature 
not only withdraw from the cell cycle and differentiate into 
macrophages, as we knew from earlier work, but undergo 
apoptosis in a substantial proportion of the population. 
The apoptosis induced by inactivating v-Myb can be pre-
vented by over-expression of Bcl-2. We also found that 
bcl-2 RNA levels drop dramatically at the non-permissive 
temperature but increase upon reactivation of v-Myb by 
shift back to the permissive temperature. The timing of 
bcl-2 reactivation is identical to that of mim-1, and is cy-
cloheximide insensitive. These results suggest that v-myb 
prevents apoptosis by controlling the bcl-2 gene, an idea 
supported by the observation that in transient transfection 
assays, the E26 fusion protein transactivates the bcl-2 
promoter linked to a luciferase reporter. We are currently 
attempting to determine whether this activation is direct, 
depending on the presence of Myb binding sites in the bcl-2 
promoter. 



GATA-1 reprograms avian myelomonocytic 
cell lines into eosinophilic, thrombocytic, 
erythroid and MEP cells (H. Kulessa, 
J. Frampton, S. Grieser-Ade & T. Graf) 

GATA-1 is a Zn finger-type transcription factor expressed 
in a number of haematopoietic cell types, including multipo-
tent haematopoietic progenitors. Using the E26-transformed 
MEP cell system, we found that GATA-1 is down-regulated 
during differentiation into myeloblasts but not during dif-
ferentiation into eosinophils, thrombocytes and erythrob-
lasts (Graf et al., 1992). Thilse observations prompted us 
to ask whether forced expression of GATA-1 in an E26 
transformed myeloblast cell line would affect its pheno-
type. For this purpose cells were stably transfected with a 
GATA-1-containing vector and individual clones isolated and 
analysed. GATA-1 induced a dramatic phenotypic change in 
these cells: the disappearance of myelomonocytic markers 
and the appearance of markers characteristic for either 
eosinophils or thromboblasts. Interestingly, the induced phe-
notypes showed a correlation to the level of ectopic GATA-1 
expression in that thromboblasts expressed higher GATA-1 
levels than eosinophils, paralleling the relative expression 
levels observed in these two cell types directly transformed 
by E26 virus. 

Since earlier work showed that inactivation of Ets in E26-
transformed MEPs (using a ts mutant) induces erythroid 
differentiation (Kraut et al., 1994), we also tested the effect 
of GATA-1 on a Myb-Etsts transformed myelomonocytic cell 
line. Here we were able to obtain erythroblast-like cells 
which could be induced to differentiate further along the 
erythroid lineage when Ets was inactivated following shift 
to the non-permissive temperature. The capacity of GATA-1 
to reprogram E26-transformed myeloid cells is not restricted 
to myb-ets transformed cells, since similar results were ob-
tained with a v-myc-transformed macrophage cell line. In the 
latter case, ectopic GATA-1 expression likewise led to the 
extinction of myelomonocytic markers and the acquisition of 
either an erythroid- or an eosinophilic phenotype (see also 
Research Report 1992). 

These results indicate that GATA-1 can serve as a molecu-
lar switch of lineage commitment in haematopoietic cells. 
They also demonstrate an unprecedented flexibility of 
myelomonocytic cell differentiation, raising the possibility 
that blood cell formation does not necessarily proceed in 
an irreversible, unidirectional manner as implied by current 
models. 

Identification and characterization of 
lineage-specific cell surface antigens 
(K. McNagny) 

The different types of haematopoietic cells transformed by 
E26 are a rich source of immunogens to screen for mono-
clonal antibodies against lineage-specific cell surface pro-
teins. Such antibodies allow the rapid and quantitative typing 
of transformed and normal cells from various haematopoi-
etic lineages. They can also be used for the immunoaffinity 
isolation and characterization of the corresponding antigens, 
and the generation, in some cases, of partial sequences 
for the isolation of the corresponding genes. Four antigens 

have been characterized in some detail. A first antigen, rec-
ognized by the MEP17 antibody, is expressed at high levels 
by MEPs and B cells and at lower levels by immature cells 
from a variety of haematopoietic lineages. Protein sequence 
data and functional properties of the antigen showed it to 
be an avian homologue of the integrin VLA-2 (a2,81). The 
antibody is particularly useful as a probe for the biological 
function of VLA-2 as it is a potent inhibitor of MEP- and B-cell 
adhesion to collagen matrices. Work in collaboration with the 
group of Dennis Clegg at the University of California, Santa 
Barbara, showed that VLA-2 is expressed at high levels by 
developing retinal neurons and that the MEP17 antibody 
specifically inhibits the outgrowth of processes and neurite 
extension. 

Two other antigens, recognized by the monoclonals MEP21 
and MEP26, are specifically expressed on MEPs and normal 
thrombocytes but not on more mature myeloid, erythroid 
or lymphoid cells. These antigens rapidly disappear from 
the surface of MEPs during TPA-induced differentiation. The 
MEP21 antigen is a 150 kDa phosphoprotein with associ-
ated kinase activity that is also expressed at high levels 
on specialized vascular endothelia. Preliminary experiments 
suggest that it has kinase activity, thus possibly representing 
a novel haematopoietic/endothelial-specific cell surface re-
ceptor. Peptide sequence analysis of the 45-60 kDa MEP26 
antigen revealed no significant homology with previously 
reported eukaryotic proteins. We are presently attempting 
to clone both MEP21 and MEP26 antigens using an ex-
pression vector system. 

The antigen recognized by the EOS47 antibody is ex-
pressed on both E26-transformed and normal chicken 
eosinophilic but not on cells from any of the other 
haematopoietic or lymphoid lineages tested. We recently 
cloned several cDNAs encoding this antigen. Surprisingly, 
the predicted protein shows a striking homology with human 
melanotransferrin, a membrane-bound form of transferrin 
detected so far only on melanomas, a few other neoplastic 
cell types and freta I intestine, but not on normal adult tis-
sues. Although its function remains unknown, one proposal 
is that melanotransferrin acts as an alternative iron transport 
system to the classical transferrin receptor-mediated path-
way. However, we have found mutations in key iron-binding 
amino-acids of EOS47 antigen which probably abolish the 
molecule'S ability to bind the metal. This raises the possi-
bility that the EOS47 antigen blocks the transferrin receptor 
from binding iron-rich transferrin, perhaps thereby inhibiting 
self-renewal during maturation of eosinophils. 

Publication during the year 
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Tyrosine phosphorylation 

Group leader: SA Courtneidge 

Scientists: L. Brizuela*, G. Superti-Furga 

-Fellows: G. Alonso, M.-V. Barone, T. Erpel, S. Fumagalli, M. Kogl*, P. Lock*, S. Roche, M. Woodrow* 

Assistants: A. Heber*, K. Jonsson, M. Jones 

The Src family of protein tyrosine kinases are a group of 
enzymes that function in signal transduction and growth 
control. Most Src family members are restricted in their 
expression to certain haematopoietic cells, but at least three 
(Src, Fyn and Yes) have a much broader tissue distribution. 
This laboratory is interested in the protein products of the 
src, fyn and yes genes, and particularly in their roles in 
normal and abnormal growth control. 

Involvement of Src family kinases in the response 
to growth factors (G. Alonso, M.V. Barone, A. Jones, 
M. Kogl, S. Roche & M. Woodrow) 

The binding of the peptide growth factor, PDGF, to cells that 
express its receptor leadsto a series of biochemical events 
that culminates in cell division. The first step is activation of 
the intrinsic tyrosine kinase activity of the receptor, which in 
turn leads to the association of the receptor with a num-
ber of cellular proteins including: the phosphatidylinositol 
3-kinase; phospholipase C-y; rasGAP (involved in control 
of the GTPase activity of the ras oncogene); a tyrosine 
phosphatase, Syp; and the three ubiquitously expressed 
members of the Src family, Src, Fyn and Yes. Binding of 
the Src family kinases to the receptor is also coincident with 
novel tyrosine phosphorylations of the Src kinases, as well 
as an increase in their intrinsic tyrosine kinase activity. A 
similar association can also be detected between the CSF-1 
receptor and Src family kinases. 

We had previously used a microinjection system to introduce 
both kinase-inactive forms of Src family kinases (so-called 
"dominant negatives"), and neutralising antibodies, into fi-
broblasts. In this way, we showed that the Src family kinases 
were required for cells to respond to PDGF. We have now 
extended these studies to other growth factors. We now 
know that several other growth factors whose receptors 
have intrinsic kinase activity (for example EGF and CSF-1) 
also require Src family kinases to induce DNA synthesis. 
However, growth factors whose receptors activate G pro-
teins (for example lysophosphatidic acid and bombesin) do 
not. 
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What function do the activated Src family kinases have in 
this signal transduction pathway? First, we asked whether 
we could correlate the activation of Src with particular re-
sponses, for example transcriptional activation of certain 
genes, changes in the cytoskeleton, changes in junctional 
communication etc. We have found, in keeping with some 
previous reports in the literature, that activation of Src by 
PDGF treatment seems to correlate with the induction of 
Myc expression. In keeping with this, constitutive expression 
of Myc rescues the block to DNA synthesis induced by dom-
inant negative Src. These data suggest that Src activates a 

presumably by phosphorylation of key substrate 
proteins, that culminates in Myc production. To assist in our 
search for such substrates, we have constructed a cell line 
in which dominant negative Src can be produced from an 
inducible promoter (we used the metallothionine promoter). 

The phosphatldylinositol 3·klnase (S. Roche) 

The phosphatidylinositol3-kinase (PI3-K) is an enzyme that 
associates with several different protein tyrosine kinases, 
including Src family and the PDGF receptor, and that has 
been suggested to be involved in mitogenic/oncogenic sig-
nal transduction. We have generated anti-peptide antibodies 
specific for the p110 subunit, and in a similar microinjection 
approach to that outlined above, investigated the require-
ment for the PI 3-K in the responses to several growth 
factors. We find that the enzyme is required for PDGF and 
EGF to transduce mitogenic signals, but not CSF-1, LPA and 
bombesin. We are currently trying to identify the pathways 
in which PI 3-K acts. 

The regulation of Src activity (T. Erpel, K. Jonsson, 
M. Kogi & G. Superti-Furga) 

Phosphorylation of cSrc at tyrosine 527 (one of the major 
in vivo phosphorylation sites, located within its carboxy-
terminal sequences) has a strong negative effect on the 
activity of the kinase, and therefore is an important regu-
latory site. Indeed, mutagenesis of tyr 527 to phenylalanine 
(Y527F) increases kinase activity, and is sufficient to convert 



proto-oncogene to oncogene. A tyr 527 kinase, termed Csk, 
has been identified and cloned. We have previously demon-
strated that inducible expression of cSrc in Schizosaccha-
romyces pombe causes cell death. Co-expression of Csk 
counteracts this effect. Src proteins mutated in either the 
SH2 or SH3 domain are as lethal as wild-type cSrc, but are 
insensitive to Csk, even though they are substrates for Csk 
in vivo. These data support the model in which both the SH2 
and the SH3 domains of Src are involved in intramolecular 
interactions (the SH2 domain with the phosphorylated tail; 
the SH3 domain with an unidentified region of the molecule) 
that regulate its activity. 

We have since gone on to examine the requirement for and 
the function of the SH3 domain of Src in more detail. The 
experiments included a mutational analysis of conserved 
residues of the SH3 domain, as well as the generation of 
Src molecules in which SH3 domains from other proteins 
(for example spectrin, Lck etc) replace Src's own. These 
mutants have been tested for their regulation by Csk in 
the S.pombe system and for their capacity to transform 
mammalian cells, and the protein binding properties of the 
isolated SH3 domains have been examined. We find that 
there is a correlation between the ability of the SH3 domain 
to regulate Src intramolecularly and its ability to associate 
with other proteins, suggesting that the same ligand binding 
surface is involved in intra- and intermolecular interactions. 
Furthermore, even though a Src molecule lacking an SH3 
domain is constutively active in mammalian cells, it cannot 
transform them, suggesting that this domain binds proteins 
critical for the transformation process. We are now searching 
for such proteins. 

The Csk kinase is related (",,45% identity) to cSrc, having 
both Src homology (SH) regions 2 and 3, and catalytic 
domain, but lacking sequences amino-terminal to the SH3 
domain, as well as carboxy-terminal regulatory sequences. 
We had noticed that, when expressed in S.pombe, Csk 
had a very restricted substrate specificity: it was unable to 
phosphorylate any S.pombe proteins, and only recognised 
Src family kinases as substrates. We have investigated this 
unusually strict substrate specificity in more detail using the 
S.pombe system. We find that the SH2 and SH3 domains of 
Csk are not required for it to recognise and phosphorylate 
Src, and that the substrate specificity resides in the catalytic 
domain itself. 

Src family kinases and mitosis 
(S. Fumagalli, A. Heber & P. Lock) 

Src family kinases become activated as cells enter mitosis, 
i.e. at the G2/M transition. To identify possible mitotic sub-
strates of Src, we compared the phosphotyrosine content 
of Src-transformed cells that were either growing or ar-
rested in mitosis. Phosphorylation of most proteins was un-
changed during mitosis, but phosphorylation of one protein 
of ",,68 kDa was markedly enhanced. Immunoprecipitation 
analysis demonstrated that p68 was physically associated 
with activated cSrc, via the SH3 domain of cSrc. Purification 
and microsequencing of p68, which we now call Sam68, 
revealed that it was encoded by the p62 cDNA. Sam68 has 
homology to hnRNP proteins, and can bind RNA and DNA 

in vitro. In addition, Sam68 has several proline-rich regions, 
one of which mediates its interaction with the SH3 domain 
of Src. It is a nuclear protein throughout interphase, and 
possible functions include involvement in RNA processing, 
stability, transport etc. We are currently examining these 
issues, as well as clarifying the possible relationship be-
tween Sam68 and the GAP-associated protein p62. We are 
also currently using the microinjection techniques described 
earlier to determine whether activation of Src family kinases 
is required for mitosis to proceed. 
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Signal-dependent transcription regulation by nuclear proto-oncogene products 

Group leader: D. Bohmann 

Scientist: A.G. Papavassiliou 

Fellows: A. Isaksson, L. KockQI*, A.M. Musti*, A.F. Peverali, M. Treier 

Visitor: L. Kockel* 

Assistant: L.M. Staszewski 

The main interest of the Bohmann laboratory is the func-
tion and regulation of the oncogene-encoded transcription 
factors Jun, Fos, and Ets. Using biochemical, molecular 
and genetic approaches, the group investigates how these 
factors integrate extracellular information and genetic infor-
mation, i.e. how they turn on and off genes in response to 
extracellular signals. 

Phosphorylation 

The activity of c-Jun is controlled by intracellularly trans-
duced signals, triggered for example by growth factors. 
One well-known mechanism mediating a direct regulation 
of c-Jun activity involves induced changes of the phos-
phorylation state of the protein which modulate its function 
as a transcription factor. We have studied the molecular 
details of this process.' Combining results from mutagene-
sis, 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. In-
terestingly, these phosphorylations are not independently 
regulated but influence each other in an "intra-molecular 
signaling system" (Plate 12). 

Ubiquitination 

The half-life of a transcription factor evidently has a di-
rect impact on its activity in the cell. We have started to 
elucidate the molecular mechanism that determines the 
short half-life of c-Jun. Using a novel assay system it 
was shown that c-Jun is multi-ubiquitinated in vivo and 
that multi-ubiquitination is a degradation signal for c-Jun. 
Interestingly, in v-Jun, the transforming version of c-Jun, 
a domain that was identified as an essential ubiquitination 
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. 
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Presently, we are investigating the question of whether 
the ubiquitination and consequently the stability of c-Jun 
is regulated by extracellular signals and whether protein 
phosphorylations influence these processes. Furthermore, 
we want to elucidate possible effects of cell transformation 
and oncogene expression on c-Jun ubiquitination. It is par-
ticularly interesting that the TRE-17 oncogene was found to 
encode a defective ubiquitination enzyme. 
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PLATE 12 

Signaling to and within c-Jun 

Intracellular signal-transduction pathways triggered by an extra-
cellular stimulus cause the activation of one or more c-Jun N-
terminal kinases. The resulting phosphorylation of several serine 
and threonine residues in the N-terminal region of c-Jun prevents 
the phosphorylation of a separate cluster of C-terminally located 
phosphoacceptor sites, which would otherwise prevent Jun from 
binding to DNA. 



PLATE 13 

Neurogenic signalling in the Drosophila eye. 

Neuronal differentiation of the R7 photoreceptor precursor cell is 
initiated by the Boss signal displayed on the neighbouring R8 
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 (rl), 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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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 for studying neuronal differen-
tiation processes. 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 photoreceptor 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 13). 
The sevenless signal is relayed to Jun by the Drosophila 
mitogen-activated protein (MAP) kinase Rolled. Our data 
indicate that the phosphorylation of Jun by Rolled triggers 

neuronal differentiation in photoreceptor precursor cells of 
the eye imaginal disc. Experiments on Drosophila Fos have 
been initiated. The protein is expressed in the eye imag-
inal disc in a pattern that is similar to that of Jun, which 
suggests that the observed biological activities might be 
mediated by Fos-Jun heterodimers. Our findings provide 
new molecular insight into Drosophila eye development 
and offer a powerful genetic approach to study signaling 
to and from Jun and Fos, as well as their function in the 
organism. 

Regulatory interactions between Jun and Ets-family 
transcription factors 

The complex transcription pattern of many eukaryotic genes 
is orchestrated by the combinatorial action of different 
transcription factors. Human c-Jun and c-Ets provide a 
good example for such a regulatory cooperation. Employing 
mostly biochemical experiments, such as in vitro transcrip-
tion assays in HeLa cell extracts, we investigated how 
these two transcription factors affect each others activity 
towards certain model promoters harboring binding sites 
for both of them. In these studies it was found that c-Ets 
can influence the transcriptional effect of c-Jun in a posi-
tive as well as a negative manner, depending on splicing 
variations, target gene characteristics and possibly phos-
phorylation state of these transcription factors. The studies 
on Jun-Ets interactions were extended to the Drosophila 
eye system. It was known that both Jun (see above) and 
Pointed, the Drosophila homologue of Ets-1, are required 
for photoreceptor differentiation. In collaboration with the 
Mlodzik laboratory we showed, using fly and tissue cul-
ture experiments, that Jun and Pointed interact by syner-
gistically activating common target genes. These studies 
provide insight into the mechanisms of combinatorial gene 
activation in vivo and may help to answer the important 
question of how very specific biological responses to tran-
scription factor activation (e.g. R7 cell differentiation) are 
determined. 
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Regulation of vertebrate morphogenesis by the FGF-2 and 
limb deformity (/d) gene products 

Group leader: R. Zeller 

Fellows: J. Brown*, A. P. Uetz, A. Zuniga 

Visitor: R. Dono 

Assistants: D. James, S. Moulton* 

A major unsolved question in embryonic development is 
how cells become committed and develop into specialized 
cell types. Undetermined embryonic cells acquire positional 
values by responding to specific thresholds set by inducers 
or morphogens. Both FGF-2 and limb deformity (Id) gene 
products have been implicated in these inductive processes 
in previous studies from our and other groups. In the past 
we have taken advantage of the chicken embryo system to 
study these processes. To investigate further the roles of 
FGF's and Ld proteins in embryonic development we have 
switched to the murine system, since no reliable genetic 
methods are available to manipulate chickens. 

The role of different FGF-2 protein isoforms during 
gastrulation, pattern formation and differentiation 

All four previously identified FGF-2 isoforms (FGF-2 and 
aItFGF-2) are expressed during gastrulation of avian em-
bryos. The three canonical FGF-2 isoforms are predomi-
nantly nuclear during mesoderm induction. However, they 
translocate to the cytoplasm and appear in the extra-cellular 
matrix during subsequent embryonic stages. These changes 
in subcellular distribution suggest a function for these FGF-2 
isoforms in receptor-mediated signalling during regionaliza-
tion of mesoderm and in neurulation. Indeed, treatment 
of gastrulating chicken embryos with heparin or suramin 
(two compounds known to block FGF receptor mediated 
signalling) results in a dose-dependent loss of posterior 
structures and incomplete regression of Hensen's node (for 
details, see Riese et al., 1995). All four FGF-2 isoforms 
continue to be expressed during subsequent morphogen-
esis and their distribution suggests functions during pattern 
formation and organogenesis. To understand the functions 
of the different FGF-2 isoforms, it is essential to create spe-

cific mutations by homologous recombination. Therefore, all 
exons encoding the canonical FGF-2 isoforms have been 
isolated and targeting by homologous recombination (HR) 
in murine ES cells is in progress. We aim to study the 
specific roles of each of the FGF-2 isoforms during em-
bryonic development using a combination of mutagenesis 
by HR and tissue-specific ectopic expression in transgenic 
mice. 

The differential distribution of FGF-2 isoforms 
during neural tube morphogenesis suggests 
distinct roles in its patterning 

The four FGF-2 isoforms are the only known FGF's ex-
pressed during establishment of dorso-ventral (d/v) neural 
tube polarity. The altFGF-2 protein is unequally distributed 
along the d/v neural tube axis, whereas the canonical FGF-2 
isoforms are expressed uniformly. These striking differences 
suggest that the proteins have distinct roles during neural 
tube morphogenesis. The distribution of FGF-2 isoforms is 
consistent with a role in growth control, whilst the temporal 
and spatial distribution of altFGF-2points to an involvement 
in establishment of d/v polarity and/or differentiation of spe-
cific neuronal cell types. To understand the specific roles of 
the four FGF-2 protein isoforms, we have initiated studies 
to express ectopically either canonical or altFGF-2 proteins 
in the dorsal compartment of the neural tube using the 
WEXP-2 expression vector (Echelard et al., 1994) in trans-
genic mice (done in collaboration with C. Murphy, EMBL). 
The phenotypic and molecular alterations observed in such 
transgenic mice should permit us to unravel the functions 
of FGF-2 proteins during neural tube morphogenesis. In 
particular, we should be able to determine if the altFGF-2 
protein functions as a growth regulator in vivo. 
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PLATE 14 

Expression of the Hoxd-13 gene in a wild-type (left panel) 
and Id homozygous embryo (right panel, embryonic day 12). 

The role of Id gene products in signalling and 
establishment of positional information during 
pattern formation 

The recessive murine Id mutation affects the establishment 
of the primary antero-posterior limb axis and the charac-
teristic limb phenotype is associated with a block in differ-
entiation of the apical ectodermal ridge (AER). These phe-
notypic alterations indicate that the epithelial-mesenchymal 
interactions controlling limb pattern formation are disrupted 
(see Zeller et al., 1989). Recently several other molecules 
involved in limb pattern formation have been identified 
(see review by Tickle & Eichele, 1994) and their function 
and interactions with the Ld proteins are being intensively 
studied. We are currently investigating the temporal and 
spatial distribution of these molecules in mutant limb buds 
of Id homozygous mouse embryos. The initial results of 
this study show that temporal activation of HoxD genes 
(involved in establishing positional information) is delayed. 
Therefore, the Ld proteins seem to be part of the group 
of gene products necessary for setting positional values in 
the limb bud. However, altered Ld proteins are still present 
in mutant Id embryos which suggests that the existing Id 
alleles are hypomorphic. Furthermore, the Ld proteins are 
already expressed during gastrulation and morphogenesis 
of several other structures than the limb. Therefore, we are 
currently in the progress of creating a true null" allele using 
HR in mice. 

Ld proteins: do they link signalling 
with transcriptional regulation? 

We have previously shown that the Ld proteins specifically 
interact with a GT-box-like DNA sequence (see Research 
Report 1993) in vitro. This interaction with specific DNA 
sequences is probably mediated by a complex with other 
nuclear proteins. We are currently investigating the molecu-
lar role of Ld proteins in transcriptional regulation in cultured 
cells using luciferase assays. Furthermore, the Ld proteins 
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contain a proline-rich domain that has been implied in inter-
action with specific SH3 domains (Ren et al., 1993). In vitro 
and in vivo studies show that the Ld proteins interact with 
members of the Src family of tyrosine kinases. However, 
no tyrosine phoshorylation of the Ld protein has been de-
tected, indicating that the Ld proteins are not substrates for 
Src family kinases. The interaction of Src and Ld proteins 
seems to take place during mitosis, which suggests that 
Ld proteins act at the interphase of signal transduction and 
transcriptional regulation during development. 
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Pattern formation and neuron specification in the Drosophila eye 

Group leader: M. Mlodzik 
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Assistants: U. Weber, A. Cyrklaff° 

We are interested in the mechanisms how neuronal diversity 
is generated upon response to inductive cues, using the 
Drosophila nervous system, in particular its compound eye, 
as a model system. In the developing Drosophila eye cell 
fates are determined by local interactions among neighbour-
ing cells. Due to its repetitive structure of 800 identical unit 
eyes, or ommatidia, each comprising only 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 three distinct 
features. First, the morphogenetic furrow (MF), which is 
the earliest physical sign of differentiation in the Drosophila 
retina, has to be induced and is marked by the expression 
of the deeapentaplegie (dpp) gene, a TGF-,B homologue. 
Second, the ommatidial 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 R8 
cells. This spacing pattern is (at least in part) generated by 
mechanisms of lateral inhibition. Third, each ommatidial unit 
is assembled around the R8 precursor by a stereotyped se-
quence 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 neighbouring cells to form a precluster 
including 4 other photoreceptors (R-cells), 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. 

Scabrous is required for correct RS spacing 

Scabrous (sea) has been identified as a gene required for 
the restriction of the correct number of R8 cells (and also 
other neural precursor cells). In sea mutants, ommatidial 
preclusters are irregularly, too closely spaced. Sea codes 
for a secreted protein and is required in R8. Its genetic and 
molecular features and its expression pattern suggested that 
it acts as an inhibitory signal released by R8 cells to prevent 
their neighbours from adopting the same cell fate (Mlodzik 

et al., 1990). It is first expressed in regularly spaced cell 
clusters in the MF. Subsequently, one cell in each group, 
the R8 precursor, expresses sea at higher levels, whilst 
expression cedes in surrounding cells. 

To investigate the role of its expression pattern and to 
gain additional insights into its function, Sca was ectopically 
expressed in all cells in or just ahead of the MF, where the 
R8 spacing pattern is generated. Such transgenes cause 
a disruption of R8 spacing leading to a phenotype that 
is similar to sea- mutants. Interestingly, no or uniform 
expression of sea in the MF, irrespective of absolute levels 
of Sca, has a similar effect on R8 spacing. Moreover, a 
detailed phenotypic analysis indicates a two tiered function 
and transcriptional regulation of sea during precluster spac-
ing and R8 inhibition (Ellis et al., 1994). Uniform ectopic 
Sca expression interferes with patterned endogenous sea 
expression in MF. However, it does not affect the later R8 
specific expression phase. Other Sca-misexpression con-
structs indicate that ectopic Sca can mimick phenotypes of 
activated Notch. Taken together with the genetic interactions 
between sea and Notch or one of its ligands Delta, these 
data suggest that Sca acts as an activating ligand for Notch 
or alternatively modifies the Notch interaction with other 
proteins, e.g. Delta. 

Genetic screens for genes that are required 
in MF initiation and RS spacing 

To identify other genes that are required for initial steps of 
precluster induction and the spacing pattern in the MF, a 
collection of 2nd chromosomal P-element induced embry-
onic and early larval lethals (provided by I. Kiss, Szeged, 
Hungary) was screened for a rough eye phenotype in ho-
mozygous mutant clones. Several mutants with interesting 
features were isolated including alleles of the catalytic sub-
unit of cAMP dependent protein kinase A (pka-C1) and the 
segment polarity gene patched (see below). Furthermore, 
the phenotype induced by ectopic sea expression in the 
MF described above is dosage sensitive such as higher 
levels, e.g. copy numbers of the transgene, cause stronger 
effects. This feature of a sensitized system has also been 
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PLATE 15 

Progression of the morphogenetic furrow 

The temporal progression of the furrow (MF) is achieved by expres-
sion and secretion of Hedgehog (Hh) in differentiating photoreceptor 
precursors. Hh in turn causes inactivation of PKA (and possibly also 
Patched) in cells anterior to the differentiating field. Inactivation of 
PKA leads to a derepression of Dpp transcription and the induction 
of a MF and differentiation in these anteriorly localized cells. Differ-
entiation will then 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 of two days to push the MF 
all across the eye disc epithelium from posterior to anterior. 

cAMP cAMP 
dependent dependent 

MF 

genetically explored in a screen for second site modifiers. 
The P-element collection on the 2nd chromosome (see 
above) was screened. Several loci were isolated that cause 
a specific enhancement of this phenotype. Besides new 
alleles of neurogenic genes, which were already known to 
interact with sea, and pka-C1 (see below) several novel 
genes were isolated with as yet unknown functions. Analysis 
of these genes is in progress. 

Furrow progression is regulated by 
cAMP-dependent protein kinase A 

Secreted factors encoded by hedgehog (hh) and dpp have 
been implicated in propagation of the MF and subsequent 
initiation of photoreceptor differentiation (Ma et al., 1993; 
Heberlein et al., 1993). We have shown that the catalytic 
subunit of cAMP-dependent protein kinase A (pka-C1) is 
required for the correct spatial regulation of dpp expres-
sion during eye development. Loss of pka-C1 function is 
sufficient to induce ectopic dpp expression followed by pre-
mature ectopic photoreceptor differentiation, which causes 
an ectopic morphogenetic wave, MF, marked itself by non-
autonomous propagation of dpp expression. Our results 
indicate that pka-C1 lies in a signalling pathway that controls 
the orderly temporal progression of differentiation across the 
eye imaginal disc. Both pka-C1- 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-C1 clones, and no direct induction of 
hh expression is observed, we believe that Pka-C1 acts 
downstream or in a parallel pathway to hh. The similarity 
of the phenotypes of pka-C1 clones and ectopic Hh ex-
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pression, and the genetic interaction between pka-C1 and 
hh, suggests that hh functions to activate dpp by causing 
inhibition of Pka-C1 expression or activity (Strutt et al., 
1995; Plate 15). Furthermore, patehed- clones in the eye 
appear phenotypically very similar to pka-C1 suggesting 
that inactivation of Patched is also required downstream of 
hh in this process. 

Drosophila Jun is required for Ras-dependent 
photoreceptor determination (with the laboratory 
of Dirk Bohmann) 

Activation of Ras1 in undifferentiated precursor cells triggers 
their neuronal development in the eye imaginal disc. Dm-jun 
(the Drosophila homolog of the proto-oncogene e-jun) is 
transiently expressed in photoreceptor precursor cells and 
competence of imaginal disc cells to develop as photorecep-
tor neurons upon normal or ectopic Ras activation correlates 
with this expression. To characterize the function of Jun 
during photoreceptor development, dominant negative Jun 
mutants were expressed in specific precursor cells. Flies 
expressing these mutant proteins display a dose-dependent 
loss of photoreceptors neurons. Furthermore, the transfor-
mation of cone cells to R7 neurons elicited by constitutively 
active forms of Sevenless, Ras1, Raf or rolled/MAPK is 
relieved in the presence of the Jun mutants. These results 
place Jun downstream of the ras1 signalling pathway in 
R-cell induction (Bohmann et al., 1994). 

Two other nuclear phosphorylation targets of Ras activation 
have also been implicated in R7 fate induction, the ETS 
domain containing proteins Pointed(Pnt) and Van, as a pos-
itive and negative regulator of R7 cell fate, respectively. We 
have mimicked Ras-mediated activation of Jun by mutating 
the endogenous Jun serine and threonine phosphorylation 
sites to aspartic acid residues. Expression of such acti-
vatedJun protein forms in cone cell precursors is sufficient to 
induce R7 fate independent of activation of components of 
the signal transduction cascade. Furthermore, genetic and 
tissue culture experiments demonstrate that Jun interacts 
with PntP2 in a cooperaitive manner on the same promoter, 
and that this Jun/PntP2 mediated transcriptional activation 
is repressed by Van by competing for the same ETS binding 
site (Plate 16). 

The Seven-up nuclear receptor requires the Ras path-
way for its function in photoreceptor specification 

Seven-up (svp) is expressed and required in the outer 
photo receptors R1/6 and R3/4 (these cells are transformed 
to R7 in svp-) and encodes an orphan steroid receptor 
(Mlodzik et al., 1990). Ectopically expressed svp disrupts 
the development of any other photoreceptors or the non-
neuronal cone cells. Depending on cell type and devel-
opmental time of ectopic expression fewer or more pho-
to receptors develop as compared to wild-type ommatidia. 
For example, in flies carrying the sevE-svp transgene Svp 
is ectopically expressed in R7 and the cone cells. This 
causes the transformation of these cells to R7 or R1-6 
photo receptors depending on the dosage of the transgene 
(Hiromi et al., 1993; Begemann et al., 1995). 



PLATE 16 

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 R1-6 (left side) Spitz 
and Egfr are the respective ligand-receptor pair. Activation of Jun 
and Pointed and inactivation of Van are common to all precursor 
cells, while others including Seven-up and Rough (R1-6, left side) 
or Sina (R7, right side) are thought to cause the difference between 
the respective photoreceptor cell types. 
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Using this Svp-induced cone cell transformation phenotype 
as an assay, we have performed genetic screens for modi-
fiers of Svp function. A set of genes that has been identified 
as suppressors of the phenotype comprise rast and genes 
that either activate Ras1 or act downstream of it in the signal 
transduction cascade required for photoreceptor induction. 
Negative regulators of rast act in this assay as dominant 
enhancers of svp function. The analysis of combinations of 
sevE-svp with different mutants either reducing or increas-
ing Ras-activity in the precursor cells indicates that activa-
tion of the Ras pathway is directly or indirectly essential for 
normal svp function (Begemann et al., 1995). In addition, 
several novel genes have been isolated as modifiers of 

svp cone cell transformation that specifically 
Interact with svp. Molecular and genetic analysis of these 
genes is in progress. 

Pipsqueak is required downstream 
of Svp for R3/R4 development 

Although the process of Ras mediated photorecetor induc-
tion is well understood, little is known how the diversity 
of photo receptors is generated in response to the same 
signaling pathway. The pipsqueak (psq) gene is expressed 
at high levels in the R3/R4 precursors during eye develop-

ment (isolated in 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 the gene 
was previously identified as a member of the maternal 
posterior group of genes, our semilethal alleles demonstrate 
its requirement downstream of svp for R3/R4 development. 
In addition, other imaginal structures, such as wings, legs or 
specific macrochaetae are 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 

During the analysis of an enhancer trap line we have iden-
tified the Drosophila TFIIA-S gene (in collaboration with 
K. and R. Tjian; Yokomori et al., 1994). Ex-
pression and phenotypic analysis has revealed that during 
photoreceptor induction TFIIA-S is specifically upregulated 
In precursor cells and that hypomorphic alleles affect the 
identity and development of R-cells. Moreover, the transfor-
mation of cone cells to R7 neurons induced by constitutively 
active forms of Sevenless, Ras1, Raf or rolled/MAPK is 
dominantly suppressed by TFIIA-S alleles. Taken together, 
these data suggest that TFIIA-S is required in analogy to 
TAFs (TATA box binding protein associated factors) during 
activated transcription upon Ras/MAPK activation (Zeidler 
et al., submitted). 

Functional conservation of seven-up related 
genes in vertebrate neurogenesis 
(with A. Fjose, Bergen, Norway) 

Several zebrafish members of the svp-subfamily of nuclear 
receptors have been isolated, all sharing highly conserved 
DNA binding and putative ligand binding domains (80-94% 
identical). Analysis of transcript distribution during zebrafish 
embryogenesis revealed that distinct areas of the eye rudi-

and the CNS are major sites of their expression 
(FJose et al., 1993) overlapping with the expression of 
retinoid binding proteins. Retinoic acid treatment of embryos 
leads to aberrant expression patterns of the svp-related 

prior.t? visible morphological defects. Taken together 
With the ability of Svp-like proteins to bind to RAREs, this 
suggests their involvement in the complex network required 
for interpretation of retinoid signals during vertebrate devel-
opment (Fjose et al., 1995). 
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Germ-plasm assembly and germ-line determination 

Group leader: A Ephrussi 

Fellows: W. Breitwieser, M. Erdelyi, J. Glotzer, A Guichet, N. Gunkel, F.-H. Markussen, L.C. Olsen 

Visitor: P. Zav6rszky 

Assistants: A Cyrklaff, E. McLeod, 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 ooge-
nesis, under the control of maternally active genes. Compo-
nents 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 strictly 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. In-
terestingly, in addition to germ cells, abdominal cuticular 
structures are also induced. These results demonstrate that 
the Drosophila germ-plasm contains the determinants both 
of the germ-line 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" genes have been charac-
terized genetically, and most have functions in other aspects 
of Drosophila development. Examination of the effect of 
mutations in each of the posterior goup genes on the local-
ization of the characterized components to the 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 pre-
dicted 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 be-
tween oskar gene dose in females and the quantity of pole 
plasm assembled and of germ cells formed. Further, having 
determined 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. 
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Localization-dependent translation of oskar 
(F.-H. Markussen & A.-M. Michon) 

Restriction of oskar activity to the posterior pole of the 
oocyte is critical for proper embryonic axis formation and 
germ-line 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 consequences on devel-
opment, a tight control of oskar translation is also critical. 
We are studying the translational regulation of oskar and 
have shown that in in which oskar RNA is not 
localized, no Oskar protein is produced. Thus, translation of 
oskar RNA is coupled to its localization. This translational 
regulation is complex in that Oskar protein is required for 
maintenance of oskar RNA at the posterior pole, suggesting 
feedback regulatory control of pole plasm induction. We 
now have evidence that there are several isoforms of Os-
kar protein and are examining their individual roles in this 
process. 

Proteins that bind to the oskar 3'UTR 
(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. We 
have been purifying proteins that bind specifically to regions 
of the oskar 3'UTR that are essential for RNA localization 
to the posterior pole. We are now concentrating our efforts 
on cloning the genes that encode these proteins. With the 
genes in hand, it will be possible to return to genetics and 
test their role in oskar RNA localization and/or translation. 

Dynamics of oskar RNA localization 
(J. Glotzer with E. Karsenti) 

The cytoskeleton has been shown to be involved in local-
ization of several mRNAs in a variety of cell types including 
Drosophila oocytes. Inhibitors of microtubule polymerization 
interfere with oocyte-specific oskar RNA accumulation, sug-
gesting that a microtuble-dependent localization mechanism 
may be involved during oogenesis. It has not yet been de-
termined whether other cytoskeletal elements playa role in 
oskar RNA localization, and whether localization is an active 
process. We are studying the role of the cytoskeleton in RNA 
localization during oogenesis and have developed an in vivo 
RNA injection assay that will allow us to follow the transloca-
tion of oskar RNA using 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. Ultimately, we would like to reconstitute 
oskar RNA association with actin filaments and microtubules 
in vitro. 

Tropomyosin II is involved in oskar RNA localization 
(M. Erdelyi, A.-M.Michon, and A. Guichet) 

Interestingly, in a screen designed to find germ-line determi-
nants (see below), we have for the first time identified genet-
ically a cytoskeletal component involved in RNA localization 
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to the posterior pole. Females homozygous mutant in the 
cytoplasmic tropomyosin /I gene produce embryos contain-
ing a reduced amount of pole plasm, sufficient to make the 
abdomen but not the germ-line. These develop into sterile 
but otherwise normal flies. Examination of the distribution 
of pole plasm components in oocytes from homozygous 
mutant females reveals that during early oogenesis, oskar 
RNA and its colocalizing partner, Staufen protein, are en-
riched 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 growing oocyte, accumulate at its ante-
rior margin, and eventually become delocalized throughout. 
Cytoplasmic tropomyosin is thought to interact with the 
actin network and we are examining in detail the effect of 
this mutation on the distribution of both microfilaments and 
microtubules. 

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 the 
process of pole plasm formation, we are analysing which of 
the known pole plasm components directly bind and whether 
additional proteins can be identified that interact with Oskar. 
To this end, we are using a yeast "protein interaction trap", 
an assay which allows the detection of specific binding 
between two proteins. We have shown that when Oskar and 
Vasa are co-expressed in yeast, they interact directly. There 
exist several mutant alleles of oskar, and in all of these, 
Vasa fails to become localized to the posterior pole of the 
oocyte, possibly due to loss of binding to the mutant Oskar. 
In the yeast assay, interaction between these Oskar alleles 
and Vasa is reduced. We are mapping the sites in Oskar 
and Vasa that are implicated in this interaction. In addition, 
we are testing the Oskar-Vasa interaction biochemically, by 
co-immunoprecipitation from oocyte extracts. 

Homologues of oskar in invertebrates and vertebrates 
(E. McLeod and N. Gunkel) 

Germ-plasm is a specialized cytoplasm found in a wide 
variety of organisms throughout the animal kingdom. In spite 
of many years of descriptive and experimental studies, very 
little is known about germ-plasm and about the determinants 
of the germ-line in any organism. The sequence of oskar 
has revealed no homology to any other gene to date. As a 
first step towards identifying germ-plasm components in a 
variety of species, we have isolated oskar from Drosophila 
virilis and shown that it functions in melanogaster. Using 
PCR methodology, we have isolated oskar homologues 
from D.sub-obscura and the Mediterranean fruitfly. Based 
on the sequence conservation between these oskar genes 
and on the positions of mutations known to be deleterious to 
D.melanogaster Oskar function, we are attempting to isolate 
additional oskar homologues from a variety of invertebrate 
(short germ band) and vertebrate species. Identification of a 
homologue of oskar in any vertebrate will be of the highest 
interest, for the information it will convey concerning the 
important functional domains of Oskar and as a marker to 
address the question of the earliest events in vertebrate 
germ-line determination. 



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

In Drosophila, mutation of a purely germ-line determining 
gene should result in a strictly "grandchildless" phenotype. 
As a genetic approach towards identifying the molecules 
and understanding the mechanisms that underlie germ-line 
determination, we have launched a highly directed and 
saturating F3 screen for P element-induced mutations in 
genes that govern the germ-line fate. Mutations induced by 
insertion of the P element allow rapid cloning and molecular 
analysis of the affected genes. Our goal is to identify most of 
the genes that direct germ-line determination in Drosophila. 
At present there is no reliable estimate of the number of 
germ cell determinants in Drosophila. It is therefore not 
possible to determine in advance how many mutagenized 
chromosomes must be screened to reach saturation for 
grandchildless mutations. Our goal is to establish and check 
for grandchildless mutations in as many homozygous mu-
tagenized lines as possible, and based on data from sat-
urating lethal screens, we feel that examination of 40,000 

established lines will be a fair test of the existence of 
grandchildless genes. As a by-product of this screen, we are 
generating several hundred female sterile mutations which 
we will further characterize, as well as a collection of upward 
of 6,000 lethals which will be made available to the research 
community at the end of 1995. 
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Cell interactions and the organization of spatial pattern during development 
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Pattern formation is the process by which cells in the 
developing animal embryo acquire information about their 
prospective fate, and through which the body pattern of 
the adult animal is generated. The classical grafting ex-
periments 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 sev-
eral laboratories, including ours, has applied the molecular 
genetic approaches available in Drosophila to the question 
of how pattern organizing centres 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 in-
volves the formation of developmental boundaries which 
subdivide the discs into functionally 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. Spatially localized expression of the home-
obox gene apterous (ap) specifies the identity of dorsal 
cells in the wing (Diaz-Benjumea & Cohen, 1993). 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 
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ventral cells leads to the formation of a secondary orga-
nizing centre which establishes a secondary dorsal-ventral 
axis. This study showed that short range interaction be-
tween distinctly specified populations of cells can establish 
an organizing centre. Shortly thereafter, Basler and Struhl 
(1994) showed that the secreted protein Hedgehog medi-
ates a signal from posterior to anterior cells that leads to 
formation of an anterior-posterior organizing centre, which 
has properties very similar to the dorsal-ventral organizing 
centre. 

Subsequent work in this and other laboratories has focused 
on understanding the mechanism by which the organizing 
centres 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 expression of a selector gene, 
(2) exchange of short range signals between cells in ad-
jacent compartments, (3) localized expression of another 
signaling molecule that in turn 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 Plate 18. 

Anterior/posterior Dorsal/ventral 

Step 1: engrailed apterous 

Step 2: hedgehog/patched Serrate/Notch 

Step 3: dpp wingless 

PLATE 18 



Specific progress in the last year has included: 

1. A demonstration that the Wingless signal transduction 
pathway is used to specify ventral cell fate in the leg, 
and that subsequent interactions, which do not depend 
on secreted Wingless protein, lead to axis formation 
(Diaz-Benjumea & Cohen, 1994). 

2. A demonstration that a series of hierarchical interac-
tions between the anterior-posterior and dorsal-ventral 
patterning systems establishes the proximal-distal axis 
of the leg (Diaz-BenjlJmea et al., 1994). This work 
contributed to the identification of the secreted signal-
ing molecules Wingless and Dpp as the mediators of 
dorsal-ventral patterning in the leg, and showed that 
their combined action is required to activate expression 
of Distal-less, a homeobox gene required for specifica-
tion of distal cell fate and proximal-distal axis formation 
in the leg. 

3. Genetic and molecular characterization of nubbin, a 
gene required for formation of the wing. This work has 
provided evidence for the existence of a proximal-distal 
organizing centre in the wing. (Ng et al., in press). 

4. A demonstration that the Drosophila homologue of 
cAMP-dependent protein kinase A is an essential com-

ponent of the signal transduction pathway through 
which Hedgehog and Patched set up the anterior-
posterior organizer (Lepage et al., submitted). 

5. A demonstration that Wingless mediates the organizing 
activity of the dorsal-ventral boundary in the wing in a 
concentration-dependent manner. 
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Protein tyrosine kinase receptors and neuronal development 
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Assistants: F. Casagranda, M. Lemaistre 

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. Loss-of-function 
mutations can cause considerable developmental defects 
as in the case of the dominant-White (W) spotting defect in 
mice caused by mutations in the c-kit receptor gene. 

The Trk family of neurotrophin receptors 

The trkA proto-oncogene was originally identified as an 
activated oncogene in a human colon carcinoma after ge-
nomic rearrangement on chromosome 1. In mammals, the 
trkA gene encodes one member of a small subfamily of 
receptors, termed TrkA, TrkB, and TrkC, all of which are pre-
dominantly expressed in the embryonic and adult nervous 
systems. Trk tyrosine kinases are the functional receptors 
for a family of soluble factors, known as neurotrophins, 
which promote the survival of developing neurons. Neu-
rotrophins exhibit binding specificities for Trk receptors. 
TrkA is the receptor for nerve growth factor (NGF), TrkB 
is the receptor for brain-derived neurotrophic factor (BDNF) 
and neurotrophin-4 (NT-4), TrkC is the receptor for NT-3. 
Although studies in fibroblasts indicate that NT-3 can also 
signal through TrkA and TrkB, these cross-reactivities have 
not been observed in neuronal cell lines (see below). To 
analyse in vivo the function of neurotrophins and their 
receptors, we generated germ line-targeted mice that are 
deficient in either of the three Trk receptors (Klein, 1994). 
Homozygous trkA(-I-) mutant mice are viable and show 
a reduced growth and survival rate. They display severe 
sensory and sympathetic neuropathies, as well as defects in 
cholinergic neurons in the central nervous system (Smeyne 
et al., 1994). Homozygous trkB(-I-) mutant mice are born 
alive but most die shortly after birth due to their inability to 
feed. Sensory and motor neurons involved in feeding are 
affected in these mice. In addition, the number of dorsal 
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root ganglion neurons and spinal cord motor neurons are 
reduced by half (Klein et al., 1993). Homozygous trkC(-I-) 
mutant mice are viable, but also show reduced growth 
and survival rates compared to normal litter mates. They 
exhibit abnormal limb movements due to defects in sensory 
neurons subserving proprioception, the ability to localise 
extremities in space (Klein et al., 1994). 

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 whether Trk receptors were func-
tionally 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. In the peripheral nervous system, 
we extended our studies to the inner ear. In collaboration 
with T. Schimmang, F. Giraldez and J. Represa (Valladolid, 
Spain), we showed that the survival of sensory neurons 
innervating the vestibular system was mostly dependent on 
TrkB, whereas the survival of sensory neurons innervating 
the cochlea was mostly dependent on TrkC. The defects 
observed in trkB/trkC double homozygous mice were largely 
additive. Interestingly, we counted significantly more neu-
rons in trkC single mutant mice than were published for 
NT-3 mutant mice, suggesting that NT-3 may use other 
receptors besides TrkC to mediate its trophic activities. 

Neurotrophin responsiveness of cultured 
neurons derived from trk-deficient mice 

Because of the differences observed between trkC and NT-
3 mutant mice and because of the known in vitro activities 
of NT-3 on TrkA and TrkB receptors when heterologously 
expressed in fibroblasts, we investigated whether NT-3 can 
promote the survival of neurons isolated from trkC mutant 
embryos. In collaboration with A. Davies (S1. Andrews, UK), 



we showed that during the mid-embryonic period, NT-3 
promoted the survival of as many trigeminal and nodose 
neurons as the preferred neurotrophins, NGF and BDNF, 
suggesting that NT-3 can signal through receptors distinct 
from TrkC. Moreover, the same neuron populations showed 
changes in NT-3 responsiveness throughout development 
indicating that these TrkC-independent pathways are regu-
lated and providing further evidence that these responses 
are physiologically significant. 

Functional analysis of Eph-related 
receptor tyrosine 

The family of Eph-related receptors constitutes the largest 
known family of tyrosine kinase receptors. Several mem-
bers of this family display developmentally regulated, and 
nervous system-specific expression patterns suggesting a 
role in neuronal differentiation and survival. We have initially 
concentrated our analysis on a small subgroup within the 
Eph-related receptor family, consisting of Elk, CekS/Nuk, 
Cek9, and Cek1 0/Sek4 receptors (for review see Tuzi & Gul-
lick, 1994). These four receptors show interesting, partially 
overlapping expression patterns in the embryonic nervous 
system, including rhombomeres. It is therefore possible that 
these receptors may play a role in segmentation of the 
hindbrain. In collaboration with G. Lemke (Salk Institute), 
using gene targeting we have generated mice lacking a 
functional Sek4 receptor. These mice develop normally, 
are viable and fertile. Our initial analysis of sek4-/- mice 
has so far not revealed obvious defects. In parallel to our 
studies, Nuk knockout mice were generated by M. Henke-
meyer and T. Pawson (Toronto, Canada). nuk-/- mice are 
also viable and fertile. Double nuk/sek4 knockout mice are 

being generated to determine whether these receptors have 
redundant functions in the structures in which they are both 
expressed. 

To complement the ongoing genetic experiments, we have 
studied the signaling capabilities of Eph-related receptors. 
Recently, a small family of ligands, structurally related to the 
B61 protein, was identified (Bartley et al., 1994). Binding 
of these ligands to Eph-related receptors did not, how-
ever, elicit measurable biological signals in cultured cells. 
In accordance with these observations, chimeric receptors 
consisting of an Eph-related receptor cytoplasmic domain 
and an epidermal growth factor receptor ectodomain failed 
to cause DNA synthesis and transformation of NIH3T3 fi-
broblasts. To circumvent the apparent lack of signaling ca-
pabilities of Eph-related receptors, we constructed chimeric 
receptors containing an Eph-related ectodomain and the 
cytoplasmic domain of the TrkB neurotrophin receptor. Ac-
tivation of such chimeric receptors induced transformation 
of NIH3T3 cells, allowing us to study functional interac-
tions between B61-related ligands and Eph-related recep-
tors. In collaboration with E. Pasquale (La Jolla, USA), 
we demonstrated that membrane-bound LERK2 ligand can 
signal through three different Eph-related receptors, namely 
CekS, Cek10, and Elk. LERK2, however, fails to interact 
functionally with the Cek9 receptor. Quantitative analysis 
using focus formation assays suggests that Cek10 is the 
preferred LERK2 receptor. Moreover, preliminary mutagen-
esis of the LERK2 protein demonstrates that the cytoplasmic 
domain is not necessary for signaling activity in fibroblasts. 
LERK2 lacking its cytoplasmic domain exhibits enhanced 
transforming activity, suggesting a negative regulatory role 
for the cytoplasmic domain. 
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Schematic representation of the known interactions between the 
B61-related family of ligands with the Eph-related family of re-
ceptors. Because of the confusing nomenclature, the names 
of the chicken, mouse, rat, and human homologs are indi-
cated where appropriate. Arrows indicate physical, biochemi-

cal, or biological interactions. The thicker arrow pointing to 
Cek10 indicates the higher focus forming activity. Included are 
also data from Bartley et a/., 1994; Beckmann et a/., 1994; 
Cheng & Flanagan, 1994; Davis et a/., 1994; Shao et a/., 
1994. 
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Genetic analysis of ErbB4, the receptor 
for glial growth factor (GGF) 

Among the most significant of the trophic factors that control 
Schwann cell proliferation and death is glial growth fac-
tor (GGF). Although GGF was first purified as a mitogen 
for committed Schwann cells, recent studies suggest that 
it strongly biases multipotent neural crest cells to a glial 
(Schwann cell) versus neuronal fate. The GGF/heregulins 
were originally identified as ligands for the epidermal growth 
factors (EGF) receptor related tyrosine kinase ErbB2 (the 
product of the proto-oncogene neu). This identification has 
now been strongly questioned as artifactual, and the closely 
related proteins ErbB3 and ErbB4 have been advanced as 
the true receptors for these ligands. In collaboration with the 
Lemke laboratory, germline-targeted mice deficient in func-
tional ErbB4 receptors have been obtained. erbB4-/- mice 
die during embryonic development at around embryonic day 
11 (E11) most likely due to heart defects. A more detailed 
analysis is ongoing. 

Publications during the year 
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Structural Biology (including Biocomputing) Programme 

Introduction 

1994 was an eventful year for this Programme. It was 
reviewed by an international panel which enthusiastically 
endorsed the level, quality and range of research. It had 
a name change which although subtle, indicates that the 
interest of the Programme is not just biological structures; 
rather, it is in the methodological and philosophical approach 
towards a greater understanding of biology through the 
analysis of relevant structures. The title also retains the fact 
that the Programme continues to use theoretical approaches 
to solving structure problems in addition to the biophysical 
methods. The internationally appreciated contribution that 
the Programme had made over the years in the area of DNA 
sequence analysis was transferred to the EMBL Outstation 
at Hinxton Park, where it has now expanded to fulfil a new 
broader role. However, key elements from that activity are 
retained at EMBL, Heidelberg, where they benefit from the 
constant interplay with the experimental molecular biolo-
gists, and the experimental molecular biologists benefit from 
their proximity to advance their understanding of the data 
that they develop. 

The Programme remains the largest within EMBL and the 
most complex. It brings together research groups that use 
the whole range of methods that are available to structural 
biologists. These include X-ray crystallography, electron mi-
croscopy, NMR spectroscopy, a variety of support method-
ologies, a great strength in computer-based analysis, cou-
pled with functional characterization of the molecules. It is 
the availability of this range of methods which act in an 
increasingly interactive and complementary manner, as will 
be seen from reading the subsequent reports, that provides 
EMBL Heidelberg with the basis for very exciting interdisci-
plinary studies of relevance to and involving all programmes. 

It is estimated that there are now well over 3,000 files of 
atomic coordinates for structures available, and a glance 
at any of the leading journals on a weekly basis shows 
that these numbers are being added to at a very rapid 
pace. It is therefore a most exciting time for this area of 
research. The scientists in this Programme are of course 
part of this process and this report adds 25 more to 
that number. These include the plant light-harvesting com-
plex (KOhlbrandt), the Adenovirus ssDNA binding Protein 
(Tucker), Spectrin Domains (Saraste, Oschkinat , Serrano 
and Pastore), the Dimerization cofactor of HNF1 (Suck), 
Rab7 and Leishmanolysin (Metcalf). The fact that new struc-
tures are solved more frequently today does not imply that 
this has been done with any less effort. The information 
which is available is still a very long way from becoming 
redundant, and the task of providing structural data allied 
to insights on the functional consequences for proteins of 

importance to our understanding of the biology of differ-
ent living systems remains. For example, it is pointed out 
in one of the reports that, including the "new structure" 
which is reported, there are only two structures of the cell 
surface molecules of protozoa. Society could benefit from, 
and science would be greatly advanced by, many more 
such structures. The challenge will be to choose between 
those that play some important role in biology and those 
that can best be viewed as a reiteration of former themes. 
Some of the structures that are reported have grown from 
previous studies. It will be noticed on reading the reports 
that the second round of structural analysis very often 
requires a level of laboratory manipulation and functional 
characterization that in the past may not have been seen 
as an inevitable part of this programme. Protein engineering, 
followed by the functional analysis of the structural conse-
quences, is clearly the way in which many of the groups 
are advancing their studies. Other groups that work on 
theoretical and computer based methods, add to the ranges 
of approaches available in the Programme to their primary 
research goals. These inevitably have benefits for many re-
searchers in Heidelberg and elsewhere, and the presence of 
multiple users of any given methodology in the programme 
allows for a good interplay between them to advance these 
developments. 

The range of proteins that have been subjected to anal-
ysis in the past year by the different research groups is 
extremely broad, being in the order of over 50. It would 
be impossible to generate this number of projects without 
very extensive and healthy collaborations, both within EMBL 
and outside. One of the major justifications for the existence 
of EMBL must be the ability to complement the work of 
those research groups elsewhere in Europe and thereby 
advance their research goals. The activities of the Structural 
Biology (including Biocomputing) Programme are a very 
clear manifestation of this philosophy. 

The Programme has also been highly active in terms of 
its training activities. Because of the novel nature of many 
of the techniques used by this Programme, and because 
they are not available in all European laboratories, the Pro-
gramme makes a special effort to provide practical courses. 
In 1994, the Programme provided four EMBO Courses. 
However, this is only the formal aspect of the training it 
provides. Throughout the year there is a constant stream of 
visitors to the laboratory, many of whom came to learn new 
methods in the Programme. Most became collaborators in 
the process. In this way the Programme continues to have 
an influence which goes beyond the activities in the following 
reports. 
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Structural basis of protein-nucleic acid interactions 

Group leader: D. Suck 

Scientist: T. Ceska 

Fellows: P. Brownlie, C. Romier, U. Sauer, G. Stier, E. Wolf 

Visitors: F. Bieber*, K. Rhee*, P. WQst 0* 

Assistant: H. Teo 

As the major focus of our research we study the structural 
basis of protein-nucleic acid interactions by a combination of 
X-ray crystallography and site-directed mutagenesis. Within 
this area we are particularly interested in the structure 
and function of nucleases, DNA recognition by transcription 
factors and tRNA-modifying enzymes. To obtain the mg 
amounts of pure proteins necessary for these studies we 
are developing suitable expression systems. 

DNase I 

The three-dimensional structure of human pancreatic de-
oxyribonuclease I (DNase I) (collaboration with J. Frenz, 
Genentech) has been solved by molecular replacement 
with data collected from tetragonal crystals (see last year's 
report) at the Hamburg Outstation and is presently being re-
fined at 1.8 A resolution. The structure of the human enzyme 
can be superimposed on that of the bovine homologue with 
an rms (root mean square) deviation of 0.56 A for main chain 
atoms. Most differences are confined to loop regions includ-
ing the DNA-binding residues R41 and Y76 and the flexible 
loop around residue 100, which is fully defined in human 
DNase I and contains a second Ca2+ -site not present in the 
bovine structure. Two solvent exposed hydrophobic patches 
around residues W187, F119 and F122 are unique features 
of the human enzyme. Of the two glycans attached to N18 
and N1 06, only two and one sugar residues respectively are 
visible in the electron density map. 

We are investigating DNase I-DNA interactions by muta-
tional analysis and have constructed a bovine DNase I 
mutant carrying a two-residue insertion next to C173, which 
potentially could lead to additional contacts in the ma-
jor groove (see last year's report). The mutant shows a 
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cleavage pattern similar to wild type, but in addition has 
a strongly enhanced preference for cutting the inverted 
repeat GACTT lAAAGTC or close variants thereof. Detailed 
analysis of the cleavage pattern of the insertion mutant by 
limited digestion of double-stranded DNA clearly reveals that 
the sequence context is relatively more important for the 
cutting frequency than the nature of the dinucleotide step of 
the cleaved bond. Cuts within the preferred motif in opposite 
strands are staggered by one base in the 5' -direction, which 
is not expected for an unspecific minor groove binding 
nuclease and suggests that base recognition plays a role 
in the interaction of the mutant with DNA. The additional 
major groove contacts may require a distortion of the DNA 
associated with a higher energy barrier and thereby lead to 
increased selectivity for flexible DNA sequences and a lower 
overall activity for the mutant (Wolf et al., 1995). 

DCoH/HNF1 

In 1991, Mendel et al. characterized a protein termed 
dimerization cofactor of HNF1 (DCoH) from rat liver nuclei 
which copurifies with the transcription factor HNF1 (also 
called LFB1). It forms a hetero-tetrameric complex with 
HNF1 involving the N-terminal dimerization domain of the 
transcription factor and thereby stabilizes HNF1 dimers and 
enhances its transcriptional activity. DCoH is a bifunctional 
protein and is identical with pterin-4a-carbinolamine de-
hydratase (PCD), a cytoplasmic enzyme involved in the 
regeneration of tetrahydrobiopterin, an essential cofactor 
in the phenylalanine hydroxylation system. Deficiency of 
PCD/DCoH activity causes an atypical hyperphenylalamine-
mia and deficiency in human epidermis is related to the 
depigmentation disorder vitiligo. As part of our studies on the 
HNF1/LFB1 transcription factor-DNA interactions, we have 



PLATE 20 

Ribbon plot representation of the monomer, dimer and tetramer 
of DCoH/PCD as present in the P3221 crystals. The dimer is 
stabilized by tight interactions between the 01 helices and for-
mation of an a-stranded ,a-sheet which gives rise to a concave, 

hydrophobic surface reminiscent of the saddle-shaped structure 
of TATA-binding protein. In the tetramer of 222 symmetry, each 
monomer contributes one helix to a central antiparaliel 4-helix 
bundle. 
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expressed rat liver PCD/DCoH, a 103 amino-acid protein 
identical with the human enzyme, in Ecoli, purified the 
enzyme to homogeneity and have crystallized it using the 
vapour diffusion technique (Ficner et al., 1995). The crystals 
belong to space group P3221 (a=1 06.2 A, c=197.1 A) and 
contain 8 molecules in the asymmetric unit. The struc-
ture was solved at 3.3 A resolution by a combination of 
multiple isomorphous replacement (MIR) techniques, den-
sity modification and 8-fold non-crystallographic symmetry 
averaging. The present R-factor after several rounds of 
XPLOR refinement for data between 10 and 2.7 A collected 
at the EMBL Outstation in Hamburg is 20.5%. In the single 
domain monomer three a-helices are packed against a 
four-stranded anti parallel ,B-sheet (Plate 20). The functional 
enzyme is a tetramer of 222 symmetry, where each of the 
monomers contributes one helix to a central anti parallel 
four-helix bundle (Plate 20). The tetramer present in the 
crystals can be viewed as a dimer of dimers, where two 
tightly interacting PCD/DCoH monomers form an 8-stranded 
,B-sheet with the six a-helices packing against it from one 
side. The saddle-like shape of the resulting concave hy-
drophobic surface with its protruding loops at either end 
is reminiscent of the TATA-box binding protein and may 
represent an interaction surface for a macromolecule. The 
hetero-tetramer formed with HNF1 possibly involves the 
formation of a mixed four-helix bundle. At present we are 
trying to identify the active site of PCD/DCoH by soaking or 
co-crystallization with various neo-and biopterins. 

To study further the DCoH/HNF1 interaction we have de-
veloped a system for the coexpression of the 281-residue 
HNF1 DNA-binding domain of HNF1 and DCoH in Ecoli, 
which yields mg amounts of the complex. 

Human Max and related bHLHZ proteins 

As reported last year we have cocrystallized intact human 
(p21) Max with a cognate 13mer in space group p6522 with 
12 dimer/DNA complexes in the unit cell containing about 
50% solvent. Larger crystals have now given high quality 
data to 3 A and enabled us to solve the structure by molec-
ular replacement (MR) using the bHLHZ-Max fragment/DNA 
crystal structure as a model. The MR phases were combined 
with MIR phases derived from a mercury and a uranyl 
derivative and many rounds of XPLOR-refinement were car-
ried out applying geometric and non-crystallographic sym-
metry restraints. The present R-factor (23% for data to 2.8 A) 
and geometry of the model is comparable to other published 
bHLH structures. The principal structural motifs, i.e. the 
bHLH and leucine zipper regions, are very similar to those 
seen in the crystal structure of the Max-bHLHZ-fragment 
determined by Burley and colleagues (Ferre-d'Amare et 
al., 1993). Likewise the contacts to the DNA by residues 
of the basic region helix are the same in the two struc-
tures. In the intact Max/DNA crystal two 13mers related 
by a crystallographic 2-fold axis are stacked head-to-head 
forming a pseudo-continuous 22-bp double strand, whilst 
the additional nucleotides are pushed out of the stack. 
In both monomers of the asymmetric unit the C-terminal 
domain (roughly 60 residues) is disordered. The N-terminus 
is fully defined for one monomer with the basic region helix 
extending back to Ser11 as the capping residue. This is 
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preceded by a turn and one a-helical turn at the N-terminus. 
The newly revealed phosphorylation site (0')' of Ser11) is 
far away from the DNA (13 A from the nearest phosphate), 
but may affect the position of a conserved Arg (residue 
25 in p22 Max) which is involved in DNA-binding. In the 
other monomer the N-terminus (residues 1-10) is largely 
disordered, but again, shows one extra turn of helix beyond 
the DNA-binding basic region. An intimate contact between 
two crystallographically related dimers may correspond to 
the tetra mer observed in solution for some of the bHLHZ 
proteins. The buried surface is 933 A2 corresponding to 
9% of the total accessible dimer surface. By collecting 
data at cryo-temperatures we hope to see more of the 
disordered parts of the Max molecule. Crystallization exper-
iments are under way with various Max-related proteins and 
domains. 

Single-strand specific nucleases P1 and 51 

We are continuing our investigations of the catalytic mech-
anism of the zinc-dependent nuclease P1 from Penicil-
lium citrinum by cocrystallization with dithio-phosphorylated 
substrate analogues (collaboration with O. Dahl, Uni-
versity Copenhagen). Excellent high resolution diffraction 
data have been collected from cocrystals containing the 
dithio-phosphorylated oligouncleotides d(AT), d(ATTI) and 
d(ATAAAA). In the tetragonal crystals (space group P41212) 
of the P1/AT complex, the dinucleotide appears to bind in 
more than one conformation, and therefore does not allow 
an unambiguous interpretation of the difference electron 
density at the active site. In the P1-tetra- and hexanu-
cleotide complexes (orthorhombic crystals of space group 
P212121) the oligonucleotide links crystallographically re-
lated molecules and does not bind in a productive manner. 
However, these crystals diffract to 1.8 A resolution, i.e. far 
better than the orthorhombic apo P1 crystals, and allow us 
to propose a possible catalytic mechanism on the basis of 
a well-refined enzyme structure. The efforts to express P1 
and S1 in yeast are continuing. 

T5 5', 3' -exonuclease 

As reported last year both the crystal quality and non-
isomorphism of the heavy atom derivatives prevented the 
calculation of an interpretable electron density map for T5 
exonuclease. We have, however, succeeded in collecting 
excellent synchrotron data (at the Hamburg Outstation) and 
it was found that freezing of the crystals improves the quality 
of the data, in particular, from the mercury derivative crys-
tals. The problem of non-isomorphism however, still remains 
and we are, therefore, trying to get phasing information by 
MAD (multiple wavelength anamalous diffraction) measure-
ments. 

Other projects 

Human B-cell lineage specific activator protein (BSAP), a 
paired domain transcription factor (with M. Busslinger, IMP 
Vienna); Myb/DNA complexes (with T. Graf, EMBL); tRNA-
modifying enzymes TGT (tRNA-guanine transglycosylase), 
Que A (involved in queine (Q)-base synthesis) and seleno-
cystein synthase; non-polymerizing actin mutants. 
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Structural basis of macromolecular assembly and sorting 

Group leader: S. Fuller 

Scientist: J. Kenney 

Fellows: S. Butcher, D. Chretie;' T. Dokland*, A. Eder*, I. Ferlenghi*, R. Hendriks, P. Ojala*, P. Stewart* 
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Assistants: P. Buck*, B. Gowen 

The assembly and sorting of macromolecules combines 
aspects of cellular, developmental, and structural biology. A 
knowledge of the structures of macromolecular complexes 
is a key to an understanding of assembly and the modulation 
of these complexes by biological processes. The combina-
tion of cryo-electron microscopy with image reconstruction 
provides a uniquely powerful tool for the study of macro-
molecular complexes because it allows the determination 
of their native three-dimensional structures. It also allows 
the observation of changes within these assemblies. Our 
group is studying a number of membrane and cytoskeletal 
assemblies for which control of assembly and disassembly 
is important for their function. 

Semliki forest virus (J. Kenney, B. Gowen & P. Buck) 

These viruses, which include Sindbis and Semliki Forest 
virus (SFV), are positive stranded RNA viruses in which 
an icosahedral capsid made from a single protein species 
is enveloped by a membrane containing a single type of 
icosahedrally arranged spike protein complex. We have 
previously used cryo-electron microscopy and image re-
construction to produce structures of the whole virion and 
used difference imaging to map the positions of the subunits 
(Venien-Bryan et al., 1994) and their rearrangment during 
intracellular transport (Kenney et al., 1994). During the past 
year, the aquisition of a 200 kV cryo-electron microscope 
with a field emission source has allowed us to improve the 
quality of the data obtained for this system dramatically. 
The higher signal to noise in this data has resulted in an 
enormous improvement in the quality of the final structure. 
This is seen in Plate 21 in which surface representations 
of previous (left) and current (right) reconstructions are 
shown. The new structure reveals a central cavity near the 
triangular base of the spike complex, plate-like extensions 
which form a nearly continuous layer above the membrane 
and the paths of the 240 pairs of transmembrane domains 
which connect the 80 trimeric spikes and pentamer-hexamer 
clustered capsid subunits. None of these features had been 
seen previously. 
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SFV enters cells by receptor-mediated endocytosis followed 
by low pH-mediated fusion of the virus and endosomal 
membrane. This fusion is mediated by the spike complex. 
Comparison of the structures of SFV at neutral and low 
pH by cryo-electron microscopy revealed the first step in 
the conformational changes which mediate membrane fu-
sion. Low pH treatment results in movement of the ver-
tex of the spike triangle away from the center, exten-
sion of a short radial projection above the spike surface 
and narrowing of the spike cavity by movement of the 
edge of the spike triangle toward the center. This result 
can be interpreted as centrifugal movement of E2, the 
receptor-binding subunit, and centripetal movement of E1 
to initiate the formation of an E1 trimer and the exten-
sion of its fusion sequence toward the target membrane. 
This movement matches the one which has been de-
scribed for the influenza hremagglutinin in which the HA2 
fulfills the role of E1 and the HA 1 that of E2 (Fuller, 
1994). 

Enveloped bacteriophage PRD1 (S. Butcher) 

PRD1 is a membrane containing icosahedral bacteriophage 
in which the membrane lies within a protein shell. Due to the 
smoothness of the surface, reconstruction from conventional 
cryo-electron micrographs was very difficult. The improved 
quality of the data from the field emission microscope made 
it possible to obtain orientations and a reliable structure to 
1.8 nm resolution. 

The PRD1 virion has an outer protein coat, predominantly 
made from 240 copies of the trimer of the major coat protein, 
packed in positions of local sixfold symmetry. Specific inter-
actions are seen between this outer coat and the underlying 
membrane. The membrane leaflets are clearly visible with 
a separation of 3 nm and connections between the two 
layers are also seen. Upon packaging, no obvious changes 
occur in the coat, unlike the expansion seen in other 
(non-membranous) dsDNA bacteriophage studied to date, 



e.g. P22, lambda and cpX174. The inner leaflet of the mem-
brane appears less ordered as lipid and DNA phosphates 
interact. In conclusion, PRD1 appears to be novel in two 
ways: firstly, the membrane of PRD1 acts as a scaffold for 
the assembly of the coat, through many interactions over its 
surface, and secondly, upon packaging, it is the membrane 
which moves to accomodate the genome. 

PLATE 21 

Surface views of the Semliki Forest virus structure determined 
from conventional cryo-electron micrographs (left) and from cryo-

The left hand panel shows a surface representation of PRD1 
looking down the fivefold axis. The structure is 65 nm in diameter. 
The punctate surface is due to the trimers of the major coat 
protein which are arranged with a T=25 surface lattice. A close 

We plan to use the structure of the PRD1 virion in combi-
nation with X-ray crystallography of the major coat protein 
to explore structure-function relationships in this complex 
virus. The PRD1 structure is the first new enveloped virus 
structure to be determined in nearly a decade. The others 
(Ross River virus, Sindbis virus) are all very closely related 
to SFV whose structure was determined at EMBL in 1975. 

electron micrographs taken with the 200 KV field emission gun 
microscope. 

up of one of these trimers is shown in the right hand panel. 
Although the trimer has three peaks, its centre has sixfold sym-
metry, which is important for the packaging of the trimers in the 
coat. 
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PLATE 23 

-y-tubulin labelling in a dividing MOCK cell. Panel A shows a dividing 
MOCK cell prepared by freeze substitution and post sectioning 
fixation. The microtubules extending from the centrioles toward the 

A 

Hepatitis B capsid (J. Kenney) 

Hepatitis B remains one of the most serious and widespread 
human viral pathogens. The mature virion is an enveloped 
capsid containing partially double-stranded circular DNA 
and a reverse transcriptase. Although the genome has 
been sequenced and the organization and the life cycle 
of the virus characterized biochemically, the structure and 
assembly of the virion remains poorly understood. We have 
determined the capsid structures using the full length and 
carboxy terminally truncated human hepatitis B capsid pro-
tein expressed in E.coli. In addition, we have made re-
constructions of the caps ids of duck hepatitis B isolated 
from E.coli and human hepatitis B isolated from infected 
liver. All of these structures exhibit similar dimer clustered 
T =3 and T =4 organizations. The difference maps of the 
duck and human reconstructions define the position of a 
40aa insertion in the duck sequence. Comparison of capsids 
composed of truncated and full length human capsid protein 
reveals the genome-capsid interaction below the base of 
the spike dimer. This demonstrates that the COOH-terminal 
end of the capsid protein is within the capsid rather than on 
the surface as suggested by some immunoreactivity studies. 
These observations define the correspondence between the 
capsid structure and the sequence as well as providing 
insight into the process of assembly. 
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chromosomes are clearly visible. Panels Band C show details from 
A in which the -y-tubulin labelling at the base of the centriole can 
be seen. (Bars - 3 micron in A, .5 micron in B and C). 

-::: 0, 

Centriole and microtubule structure 
(D. Chretien, J. Kenney, B. Gowen, 
with E. Karsenti & A. Hyman) 

We have previously established a low resolution three-
dimensional structure of the centriole from cryo-electron 
micrographs. Interpretation of this complex structure is dif-
ficult because of a lack of good techniques for localizing 
components within it. For example, there exists no good 
immuno-electron microscopy showing the distribution of 
tubulin, believed to be a major centriolar component, within 
the centriole. Brent Gowen has developed a novel technique 
of post-sectioning fixation which allows one to obtain good 
morphological preservation and efficient immuno-Iabelling of 
isolated freeze-substituted centrioles. This technique allows 
the localization of centriolar antigens within the centriole 
itself for the first time. a-Tubulin is restricted to the micro-
tubules of the barrel as expected. 'Y-Tubulin, which was 
previously localized to the pericentriolar material, is also 
seen in a structure at the base of the centriole within 
the centriolar barrel. This new localization is the first clear 
evidence that 'Y-tubulin is a structural component of the 
centriole. The fact that its localization corresponds to that of 
the procentriole suggests that 'Y-tubulin may playa role in 
the formation of the centriole itself in addition to its accepted 
role in the nucleation of microtubules. Microtubule dynamics 



form the basis for many important cellular processes. By 
combining video microscopy with cryo-electron microscopy 
of identical preparations, Denis Chretien has identified a 
sheet-like protofilament at the terminus of growing micro-
tubules. Detailed quantitative analysis of growth of these 
filaments has allowed comparison with various functional 
models for microtubule dynamics. He finds that any model 
which allows independent growth of the filaments on a 
single microtubule can be excluded by the data. I"deed, 
the relationship between filament length and 
growth can be matched by a very simple stochastic model 
of microtubule elongation. Together with other data these 
results show that a conformation change in the protofilament 
must occur during microtubule elongation. This conforma-
tional change could act as a structural cap to protect the 
unstable microtubule lattice during elongation. 
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Experimental analysis of protein folding 

Group leader: L. Serrano 

Fellows: F. Blanco, P. CronetO, V. Munoz, M. Pisabarro*, J. Prieto*, M. Ramirez*, A.R. Viguera 

Visitors: A. Azuaga*, E. Lacroix*, S. Villegas 

Assistant: E. Lopez 

The basic goal of our group is to elucidate the folding 
problem, or how from a linear sequence of amino-acids a 
functional three-dimensional structure is obtained. 

Structural characterization 

NMR structure of Che Y in solution 

The high resolution structure of wild-type CheY and of 
some mutants have been obtained in collaboration with Prof. 
Rico's group (Santoro et al., 1995). 

NMR structural analysis of the spectrin SH3 domain 

We have in our group determined the three-dimensional 
structure of the protein labelled with N15 and that of a 
circularly-permutated protein (see below). 

Crystallographic analysis of Che Y mutants 

The structures of the wild-type protein and four of the 
mutants, designed to create a GTP-binding-site (see below), 
have been solved (In Plate 24 we show the structure of one 
of them compared to the wild-type protein)(Coliaboration 
with Dr. Coli, Barcelona, Spain). 

Analysis of the folding pathway of proteins 

CheY 

Analysis of around forty different mutants scattered through 
all the protein has shown that CheY is quite unstructured in 
the folding intermediate and transition state, with mainly the 
first a-helix and part of the ,a-Sheet folded. 

Spectrin SH3 domain 

The kinetic analysis of SH3 circularly permutated mutants 
has shown that the order of the secondary structure ele-
ments does not determine the final fold, but it affects the 
folding kinetics. The folding pathway of a protein can be 
significantly altered. without changing the final fold. 
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PLATE 24. 

Comparison between the three-dimensional structure of wild-type 
CheY with the expected conformation of the engineered loop and 
the crystal structure of the mutant containing the sequence involved 
in phosphate-binding of p21 Ras. The phosphate-loop of p21 Ras in 
CheY, adopts a different structure. Thus indicating that the structure 
of this loop, conserved in many nucleotide-binding proteins, is 
determined also by tertiary contacts with the protein. These contacts 
have been identified and introduced in CheY. 



Stability in solution of protein fragments 
corresponding to the a-helices of proteins 
belonging to the same family 

In a previous NMR and CD study we showed that there is 
not a common pattern in the conservation of the stability of 
secondary structure elements of non-related proteins with 
the same fold (Munoz et a/., 1995). We have found that this 
is also the case for related proteins belonging to the CheY 
or p21 Ras superfamilies (ComA and Ara, repectively). The 
main conclusion, as we found before for non-related pro-
teins, is that those a-helices which join two non-sequential 
j3-strands are always unstructured in solution. In collabora-
tion with the group of Prof. Rico, we have also analysed the 
NMR structure of a fragment of CheY containing the last 50 
residues and we have found evidence for the presence of 
non-native interactions. 

The hydrophobic-staple motif 

A recurrent local structural motif is described at the N-
terminus of a-helices, that involves a specific hydrophobic 
interaction between a residue located before the N-cap, with 
a residue within the helix (i,i+5 interaction). NMR and CD 
analysis of designed peptides demonstrate its presence in 
aqueous solution, its contribution to a-helix stability and its 
role in defining the a-helix N-terminus limit. Comparison be-
tween the N-terminal structures of the peptide and those in 
proteins with the same fingerprint sequence shows striking 
similarities (Plate 25). The change in the polypeptide chain 
direction produced by the motif suggests an important role 
in protein folding for residues located in polypeptide seg-
ments between secondary structure elements (Munoz, V., 
Blanco, F. & Serrano, L., 1995). 

PLATE 25 

Superposition of one of the NMR con-
formations in the designed peptide with 
a hydrophobic staple motif and the be-
ginning of the a-helix of the protein 1 Alc 
(residues 3 to 12). 

NMR and CD characterization of all the 
j3-hairpins of the spectrin SH3 domain 

Four peptides corresponding to the three-natural j3-hairpins 
of this domain plus a fourth one corresponding to the newly 
created j3-hairpin in the circularly permutated proteins have 
been analysed by NMR and CD. In all the cases the peptides 
were quite unstructured in solution and even in the presence 
of TFE they did not adopt a native-like structure. This 
provides an explanation for the poor results of secondary 
structure-prediction methods on this domain as well as 
supports the two-state folding mechanism of this protein 
(Viguera et a/., 1995). 

Elucidating the unfolded state of proteins under native 
conditions (development of computer algorithms) 

Using empirically derived data we quantified all the en-
ergy contributions accounting for a-helix stability. With this 
database and an algorithm (AGADIR), based on statistical 
mechanics, we were able to describe the average helical be-
haviour in solution of peptides and the helicity per residue of 
those peptides analysed by NMR. Recently we have incor-
porated new parameters that allow the algorithm to calculate 
the helical content under different pH and temperature con-
ditions (Munoz et a/., 1995ab). We have demonstrated that 
the protein database can be used to determine the intrinsic 
secondary structure propensities of the different residues, 
if the appropiate definition of secondary structure is used. 
Based on the statistical analysis of the protein database and 
the same theoretical model that we used for a-helices, we 
have developed two algorithms, AMPURIA and SIDON, that 
predict the extended behaviour and the formation of j3-turns 
in aqueous solution. These two algorithms have been satis-
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factorily tested against NMR data from monomeric peptides. 
We are now currently developing a total partition function 
with the idea of being able to determine the unfolded state 
of a protein under native conditions. This should be a major 
advance in solving the protein folding problem, since until 
now only the structure of the folded state was known. 

Protein design 

Design of a GTP-binding-site on CheY 

We have now successfully transplanted all the functional 
loops of p21 to CheY. The three-dimensional structures of 
four of the mutants have been solved in collaboration with 
C. Sander (see above, Plate 24). 

Protein-protein interaction 

Binding of peptides to the SH3 domain 

In collaboration with Matti Saraste's group, we have analy-
sed the interaction of proline-rich peptides with five-different 
SH3 domains. Using biocomputing tools we have modeled 
the three-dimensional structure of Abl-SH3 (collaboration 
with Rebeca Wade's group), as well as the docking of a 
proline-rich peptide on it. With the same tools we have 
rationally mutagenized this peptide to increase the affinity 
and specificity of the interaction. 
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Electron microscopy of large proteins 

Group leader: K. Leonard 

Scientists: B. Bullard, T. Gibson 

Fellows: J. Clayton, V. Guenebaut, T. Wendt* 

Visitors: E. Birney*, I. Pappasideri*, M. ReedY*, T. Ruiz*, S. Trachtenberg* 

Assistants: o. Goulding, M. van Straaten*, J. Thompson* 

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 bilay-
ers. 

In collaboration with Hanns Weiss (University of Dusseldorf) 
we are working on the large (",800 kDa) complex I from 
Neurospora crassa mitochondria. This redox enzyme con-
sists 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 and are at present carrying out 
antibody labelling of single particles. Data has also been 
obtained for projections of frozen hydrated unstained parti-
cles. 

In collaboration with Franc Pattus (Strasburg), Gisou van der 
Goot (Geneva) and with the assistance of Marek Cyrklaff 
(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 (Plate 26) 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. 

PLATE 26 

Three-dimensional reconstruction of a tubular aerolysin vesicle. The 
helical surface lattice of protein shows regular structures which are 
comparable in size to the structures of the channel complex seen 
in images of negatively stained 20 crystals. In the centre of the 
image, two of these channel oligomers have been superimposed 
on the reconstruction. 
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PLATE 27 

Image of platinum shadowed TnH complex from Lethocerus flight 
muscle. Filaments of tropomyosin (TM) and "Iollipop"-shaped tro-
ponin (Tn) can be seen. 

Muscle proteins 

We are studying cytoskeletal proteins and proteins which 
regulate contraction in insect flight muscle. Biochemistry 
and immuno-Iocalization 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 Annalisa Pastore we are 
studing high molecular weight modular proteins in insect 
muscle. Kettin is a 700 kDa protein found in insect Z-
disc, which is similar to titin but containing only class II 
domains separated by 35 amino-acid linker sequences. The 
sequencing is being carried out by Bernhard Kolmerer. We 
have now isolated pure kettin from Lethocerus muscle. 
Micrographs of rotary shadowed preparations (Plate 27) 
show a filamentous molecule which aggregates end-to-end. 
A short kettin sequence consisting of one domain and two 
flanking linkers has been expressed (by B. Kolmerer & 
M. Gautel) and we have shown that it binds to actin and 
a-actinin which are found in the Z-disc, and does not bind 
to myosin. Kettin may form a scaffold for the assembly of 
the Z-disc in insect muscle. Drosophila mutants which may 
be located in the kettin gene are being investigated. 

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 
1000 Hz). 
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PLATE 28 

Platinum shadowed kettin (Ket) isolated from Lethocerus leg 
muscle. 

There is an additional troponin component in insect flight 
muscle which may be the sensor for stretch activa-
tion. Troponin-H (TnH) is a fusion protein of tropomyosin 
and a repeating 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 
gene. 

Using immuno-electron microscopy with Fab-gold probes 
(in collaboration with M.C. Reedy) we have shown that the 
hydrophobic sequence of TnH is arranged periodically on 
flight muscle thin filaments and is close to myosin cross-
bridges. 

We are expressing the hydrophobic region of TnH which 
is specific to flight muscle as well as the whole molecule 
in order to determine the function of each domain in regu-
lating the activity of Drosophila flight muscle. We are also 
screening for Drosophila mutants in the tropomyosin- TnH 
gene. 

Electron microscope images of rotary shadowed troponin-
tropomyosin complex isolated from Lethocerus thin fila-
ments show "Iollipop"-shaped structures (Plate 28). The 
globular head is probably the troponin complex and the 
extended 40 nm tail may be tropomyosin or a complex 
of tropomyosin and the tropomyosin-like region of TnH. 
The isolated complex and whole thin filaments are being 
studied by adsorption to lipid monolayers to produce reg-
ular two-dimensional arrays suitable for computer image 
analysis. 



Paramyosin is a helical protein which forms a coiled 
coil dimer with subunits of 100 kDa. There is also a 
smaller paramyosin isoform with subunits of 70 kDa (mini-
paramyosin). The two isoforms are produced by alterna-
tive splicing from the same gene. In collaboration with 
M. Cervera (Madrid) we have localized the two isoforms in 
Drosophila flight muscle and thoracic leg muscle by immuno 
electron microscopy. 

Paramyosin is found along the whole length of the core 
of the thick filaments in both flight and leg muscle. The 
distribution of mini-paramyosin differs in the two types of 
muscle: mini-paramyosin is concentrated at the middle and 
at the ends of the thick filaments in flight muscle and is 
along the whole filament in leg muscle. The distribution 
of mini-paramyosin is likely to be related to the different 
function of the two muscles. 

New software for multiple alignment and 
database searching (Toby Gibson) 

In the Research Report of 1993, we outlined a se-
quence weighting method applicable in profile searches of 
databases (Thompson et al., 1994). In collaboration with 
Des Higgins (EBI, Cambridge), we have now developed a 
multiple sequence alignment program, CLUSTAL W, with 
the sequence weighting method at its heart (Thompson et 
al., 1994). CLUSTAL W also has a number of other features 
that significantly add to its sensitivity, such as residue-
specific gap penalties and a sliding scale of weight matrices. 
The program went on general release in September, and 
feedback has been very favourable. 

A new sequence comparison algorithm has been developed 
in collaboration with Ewan Birney (Oxford). The algorithm al-
lows a protein sequence (or profile) to be compared simulta-
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neously to all three reading frames of a DNA sequence, and 
to pick the best path through the frames. This means that 
homologous sequences can be aligned, even when there 
are introns or sequencing errors that cause frameshifts. 
The algorithm has been built into two programs, PAIRWISE 
for sequence alignment and SEARCHWISE for database 
searches. During trials of the algorithm, we came across 
many examples of frameshift errors in database entries 
such as CG2B_ ASTPE, TRFE_ XENLA and VAV _ HUMAN. 
These have been reported to SWISS-PROT and will be 
annotated in future releases. 

Analysis of protein domains 

The new software has aided the detection of protein do-
mains, especially in new sequence entries that have not 
yet appeared in protein databases. For example, sequence 
analysis forms an important part of a broadly based inves-
tigation at EMBL of the pleckstrin homology (PH) domain 
found in signalling and cytoskeletal proteins (see Saraste 
and Oshkinat groups for details of the structure determi-
nation). Over the past year, more than 20 examples of 
the PH domain were detected in new database submis-
sions, often in novel classes of signalling or cytoskeletal 
proteins (Gibson et al., 1994). Our programs were also 
used extensively by Rein Aasland (Stewart group) in the 
characterization of a new module, the PHD-finger, which 
is a frequent constituent of proteins involved in modulation 
of chromatin structure and transcriptional control. The PHD 
finger is a Cys-rich sequence spanning about 50 residues 
and is often found repeated in a sequence. Plate 29 shows 
the organisation of a representative set of proteins that 
contain PHD-fingers. Many of the PHD-finger proteins also 
have other domains frequently found in transcription factors 
and other proteins which modulate the state of chromatin 
condensation. 
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660 Proteins containing the PHD finger. The 
conserved pattern of the motif is shown at 
the top. The distribution of known classes 
of domains is given for 10 PHD-containing 
proteins. Domains are indicated by symbols 
with different shapes and shading. 
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The structures of two RNA-binding domains, KH and 
dsRBD, that we have earlier investigated with sequence 
analysis (Gibson & Thompson, 1994; Research Report 
1993) have now been determined by the Pastore group 
using NMR techniques. These structures will provide a 
platform for investigation of the mode of RNA-binding by 
these domains, hence furthering our understanding of RNA 
metabolism and cell biology. 
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Structure of membrane proteins by electron crystallography 

Group leader: W. KOhlbrandt 

Scientist: D.N. Wang 

Fellows: M. Auer, E. Baraldi*, Flachmann, J. Puonti-Kaerlas*, Y. Tahara 

Visitors: B. Green*, D. Madden*, J. Morr*, G. Scarborough*, M. Spangford*, I. Tews* 

Assistants: M. Cyrklaff, K. Pimplikar 

In our group, we are studying the structure and function 
of membrane proteins by electron crystallography. Mem-
brane proteins tend to form 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 1994 we have continued 
and extended our investigations on a variety of membrane 
proteins, including: 

plant light-harvesting complex (LHC-II) 
the anion exchange protein from erythrocyte mem-
branes (Band 3) 
proton ATPase 
fumarate reductase 
a bacterial light-harvesting complex 

In addition, we are generating mutants of LHC-II for ex-
pression in transgenic plants, for structural and functional 
studies. 

Structure and function of plant light-harvesting 
complex (W. Kuhlbrandt, Y. Tahara & D.N. Wang 
with Y. Fujiyoshi (Kyoto)) 

LHC-II is the major collector of solar energy in plant pho-
tosynthesis. We have determined the structure of this im-
portant membrane protein at 3.4A (Kuhlbrandt et al., 1994). 
This is one of very few different integral membrane protein 
structures at this level of resolution, and only the second 
one determined by electron crystallography. The atomic 
model of the complex shows how the 25 kDa polypep-
tide binds and organizes 12 chlorophylls of two different 
kinds, and two carotenoids. Three monomeric complexes 
combine into a trimer (Plate 30) which is the functional, 
native state of the complex. The disposition of the pigment 
molecules within the trimer has important implications for 
the mechanism of energy transfer in the photosynthetic 
membrane (Kuhlbrandt, 1994). We are planning to extend 

the resolution of our current map by collecting data with 
even better two-dimensional crystals, using highly purified 
LHC-II. 

Modelling of other members of the LHC-II family 
(B. Green (Vancouver) & W. Kuhlbrandt) 

With the atomic model of LHC-II as a template, we have 
modelled several of the other, homologous members of the 
extended family of chlorophyll alb-binding proteins, which 
are predicted to have similar structures and pigment-binding 
sites. Interestingly, the sequences of several small, single-
span membrane proteins involved in stress response in 
plants and cyanobacteria show striking similarities to each 
of the two long, tilted trans-membrane helices of LHC-II. 
The most highly conserved stretches include side-chains 
involved in chlorophyll binding and in forming ion pairs 
linking the two homologous helices in LHC-II. We conclude 
that these stress-response proteins form dimers in the mem-
brane and are capable of binding 4 chlorophylls and two 
carotenoids per dimer. 

Expression of recombinant LHC-II in transgenic plants 
(R. Flachmann, J. Puonti-Kaerlas & E. Baraldi) 

Using antisense DNA, we have succeeded in reducing the 
level of LHC-II mRNA in transgenic plants to virtually unde-
tectable levels. Surprisingly, plants with these drastically re-
duced amounts of message were quite unaffected and grew 
normally, indicating an as yet unknown post-transcriptional 
mechanism for regulating the expression of this key compo-
nent of the photosynthetic apparatus. To separate modified 
forms of LHC-II from the resident complex, we expressed 
His-tagged pea LHC-II in transgenic tobacco plants. By this 
approach, we are now able to isolate recombinant LHC-II 
(Plate 31) in sufficient quantities for crystallization and spec-
troscopic investigations. 
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PLATE 30 

Structure of the LHC-II trimer determined at 
3.4 A resolution by electron microscopy and 
image processing, showing the top view, 
from the stromal side of the membrane. 

PLATE 31 

Isolation of recombinant LHC-II by Ni chelate chromatography. 
(a) LHC-II isolated from control plants does not bind to the column. 
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(b) His-tagged recombinant LHC-II expressed in transgenic tobacco 
plants binds to the column and is eluted with 100 mM imidazole. 



PLATE 32 

Projection maps of Neurospora H+ -ATPase, derived by image 
processing of frozen-hydrated surface crystals. 

(a) 25 A map, showing the structure of the ATPase hexamer; 

Structure of Band 3 protein (AE1) 
(D.N. Wang, with R. Reithmeier (Toronto» 

Band 3 exchanges CI- against HCO"3 across the erythrocyte 
membrane. After determining the three-dimensional struc-
ture of the membrane domain of Band 3 at 20 A by elec-
tron image processing of negatively stained two-dimensional 
crystals (Wang et al., 1994), we are now concentrating on 
frozen-hydrated specimens which will enable us to study the 
structure of this prototypic transport protein at higher reso-
lution. Crystallization experiments with Band 3 membrane 
domain isolated from. pig, dog and human have yielded 
tubular crystals which are currently being used for data 
collection. 

Structure of proton ATPase (M. Cyrklaff & 
M. Auer with G. Scarborough, Chapel Hill) 

Crystalline arrays of W -ATPase from Neurospora plasma 
membranes form on the surface of crystallization drops, 
indicating a new and, at least for membrane proteins, 
unexpected mechanism for two-dimensional crystallization 
which may be generally useful. Electron cryo-microscopy 
was used to determine the structure of the hexameric en-
zyme at 10.3 A in projection (Plate 32). We are now ready 
to collect data from tilted two-dimensional crystals for a 
three-dimensional map at this resolution. 

Fumarate reductase 
(M. Auer, with A. Kroger & H. Michel (Frankfurt» 

Fumarate reductase is a key enzyme in bacterial electron 
transport which resembles complex II from mitochondrial 

(b) unsymmetrized projection generated from 10.3 A data; 
(c)1 0.3 A projection map after applying sixfold symmetry. 
The low-resolution outline shows the presumed molecular boundary 
and is superposed onto one monomer. 

membranes. Using protein supplied by Prof. Kroger's 
laboratory in Frankfurt, we have succeeded in growing 
three-dimensional crystals of this membrane protein which 
diffract to better than 3.5 A resolution. 

Bacterial light-harvesting complex 
(M. Cyrklaff & K. Pimplikar, with I. Sinning & G. Montoya) 

In collaboration with the group of Irmgard Sinning, we 
are examining two-dimensional crystals of a bacterial light-
harvesting complex (LH2). The complex, which is thought 
to be an octamer of af3 heterodimers, forms both sheet-
like and wide tubular crystals. The sheet-like crystals have 
yielded a 20 A projection map, showing that the af3 het-
erodimers form a ring-like particle (see Sinning's Research 
Report). Cryo-electron microscopy of the more highly-
ordered tubular crystals has indicated a different layer group 
symmetry and has yielded data extending to 7 A. The projec-
tion map (Plate 33) shows the same ring as in the sheet-like 
crystals. Spectroscopic evidence indicates that this is the 
functional conformation of the complex in the membrane. 

A universal spotscan programme for high-resolution 
imaging (I. Tews (Hamburg) & W. KOhlbrandt) 

High-resolution images are the most important prerequisite 
for electron microscopic structure determination. However, 
with most instruments it is difficult to record images of the 
required quality, due to instabilities of the specimen stage 
or to small beam-induced movements of the specimen itself. 
As has been shown by others, these problems are greatly al-
leviated when images are recorded in spot-scan mode, such 
that only a small part of the specimen is irradiated at a time. 
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PLATE 33 

7 A projection map of bacterial light-harvesting complex from 
Rhodopseudomonas su/fidophilus 

In the context of a project funded by the European Commu-
nity to establish a state-of-the-art high-resolution instrument 
for biological electron microscopy at the Fritz-Haber-Institute 
in Berlin, we developed a spot-scan programme for use with 
a computer-driven attachment which can be added on to any 
of the commercially available instruments. This programme 
is proving quite popular and is now being used in several of 
the leading laboratories in electron cryo-microscopy around 
the world. 
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Protein crystallography 

Group leader: P. Metcalf 

Fellows: M. Neu*, E. Schlagenhauf 

Visitors: R. Etges*, V. Rybin* 

Assistant: V. Brachvogel 

Some protein structures are solved as part of a wider 
research effort to answer a fundamental biological ques-
tion and can be reasonably expected to ultimately provide 
part of the answer. Other protein structures raise more 
questions than they answer. This year we have completed 
high-resolution crystal structures in each category: Rab7 
(23 kDa, resolution=1.9 A, Rfree=25.1 %) is a GTPase which 
was solved as part of a collaborative effort to under-
stand the mechanisms and specificity of intracellular vesicle 
transport, and leishmanolysin (63 kDa, resolution=1.86 A, 
Rfree=20.8%) is a novel and fascinating glycoprotein struc-
ture. At the end of the year we made progress on a new 
project, and collected the first data from crystals of the E.coli 
disulphide isomerase DsbC (see the Creighton group report) 
which we hope will prove to be structurally interesting, in 
addition to being relevant to basic questions about protein 
folding. 

Rab7 

The question motivating the structural work on Rab7 is 
one shared by other groups at EMBL investigating Rab 
proteins: what are the molecular interactions determining 
intracellular vesicle sorting events? This is an important 
question in cell biology, because directed vesicle traffic not 
only serves to transport vesicular cargo within cells, but 
also underlies the formation and maintenance of intracellular 
organelles. 

Our approach was to choose a molecule which might carry 
key vesicle targeting information, and to solve its struc-
ture with the ultimate aim of learning in atomic detail the 
interactions responsible for correct vesicle targeting. Rab 
proteins (see the Zerial, Dotti and Simons' group reports) 
are a family of some 30 ",25 kDa GTPases (like p21 Ras) 
which are found attached to the cytoplasmic side of specific 
intracellular membranes (e.g. Rab7 is on late endosomes, 

Rab5 is on early endosomes etc). Something must target 
Rab proteins to particular membranes in the cell, and it 
had been hypothesized that the Rab proteins carry part of 
the necessary targeting information on the specific transport 
vesicles destined to the target membranes where they are 
found. Mutant expression studies clearly showed that indi-
vidual Rab proteins were required for specific vesicular path-
ways, lending weight to the hypothesis. Similar studies also 
showed that a sequence segment near the C-terminal lipid 
membrane anchor was necessary for targeting (reviewed in 
Zerial & Stenmark, 1993). 

Using cDNA provided through a collaboration with Marino 
Zerial (EMBL) we expressed a number of Rab proteins 
in E.coli, purified and crystallized some, and at the be-
ginning of 1994 had solved the crystal structure of a full 
length non-translationally modified Rab7 construct com-
plexed with the GTP analogue GMPPNP. The structure 
was solved from difficult pseudo-symmetric crystals using 
molecular replacement methods. There are two indepen-
dent molecules in the asymmetric unit, and the crystallo-
graphic residuals, which are a measure of the match of 
the atomic model to the diffraction data, were Rfree=28% 
and R=24% at 2.3 A resolution. By the end of 1994, the 
statistics were Rfree=25.1 % and R=21.5% at 1.9 A, and 
the details of the map were correspondingly more reli-
able. The structure is shown in Plate 34. Only a part of 
the C-terminal targeting segment was visible in the map. 
NMR experiments done with Hartmut Oschkinat (EMBL) 
comparing full-length and C-terminal truncated constructs 
of Rab7 clearly confirmed that the targeting region of Rab7 
is flexible in solution and thus probably also unstructured 
in the crystal. For this reason, the structural details of Rab 
protein targeting will most likely require the co-crystallization 
of a Rab protein and its specific receptor, and since 
the receptor is not yet cloned, this remains a long-term 
prospect. 
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PLATE 34 

The first Rab protein structure. Ribbon diagram 
showing the two similar pseudo-symmetry re-
lated Rab7 molecules in the GMMPNP-Rab7 
crystal. In GDP-Rab7 crystals the two molecules 
are identical. 

The Rab7 structure has however proved useful in another 
important context: the study of GTP-binding protein function. 
Because of their key role in controlling cellular processes 
(e.g. signal transduction: p21 Ras, Raf and trimeric G 
proteins, protein synthesis: EF-Tu and EF-G), the detailed 
mechanism of GTP hydrolysis and subsequent conforma-
tional changes in the GTP binding structural domains of 
these proteins is being studied by several laboratories. Rab7 
has unique advantages for this work. Fluorescence from 
tryptophans near the active site signal the status of the 
nucleotide bound to the molecule. An extensive characteri-
zation of the hydrolysis and exchange kinetics of Rab7 has 
been carried out by I. Simon and R. Goody (MPI-Oortmund). 
At the end of the year, we were finally able to collect the first 
data sets from Rab7 complexed with GOP, using frozen 
crystals, which have similar packing to the GTP-analogue 
crystals. These results, together with results from the kinet-
ics work, mean that we may soon be able to see the con-
formational changes in Rab7 following GTP hydrolysis, and 
learn more about the way GTP-binding proteins function. 

Leishmanolysin 

So many new protein structures are being determined (there 
are now about 80 unique structural domains amongst the 
approximately 3000 entries in the structural database) that 
it is easy to forget how insignificant the fraction of the se-
quence database is for which we have structural information. 
Only one cell surface molecule from all of the protozoa has 
known structure. Crystals of ",45 kOa N-terminal proteolytic 
fragments of 60 kOa variant surface glycoproteins (VSG) 
from the bloodstream form of the African trypanosome led 
to work that indicated that these molecules share a common 
structure with a core consisting of 4 long coiled a-helices 
(Metcalf et al., 1987). Leishmanolysin is the second pro-
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tozoan surface structure, and like trypanosomal VSG, is 
the predominant surface antigen of a medically significant 
parasite. According to the WHO, about 12 million people 
have leishmaniasis, caused by infection of the sandfly-
borne promastigote form of Leishmania, which parasitizes 
macrophages with often fatal results. Leishmanolysin is the 
coat protein of the Leishmania promastigote, and is attached 
to the cell surface via a glycosyl phosphatidylinositol (GPI) 
anchor. Again, while C-terminal GPI-anchored cell-surface 
proteins are common, there is almost nothing known about 
the structure of these molecules. The only GPI-containing 
molecule with known structure is acetylcholine esterase 
(Sussman et al., 1991) - leishmanolysin is the second. 

Promastigotes from a strain of Leishmania expressing high 
amounts of leishmanolysin were cultured and protein re-
leased from membrane preparations using phospholipase C 
was used for crystal trials (so the purified protein contains 
all but the lipid part of the GPI anchor). Crystallization 
reproducibility proved difficult, and eventually macroseeding 
methods were used to produce a few data quality crys-
tals. The structure was solved using novel crystallographic 
methods. Uninterpretable electron density maps made using 
single lead derivatives (f.o.m. "'004) in each of two crystal 
forms were combined and skeletonized (i.e. made more 
"protein-like") and used iteratively to improve the resolution. 
Refinement and averaging of partial models quickly led 
to very clear maps, which together with higher resolution 
native data collected on the BW7 wiggler beam-line at the 
Hamburg Outstation meant that the time from recognizing 
the first helical feature in the electron density map to com-
pleting the refinement was only six weeks. By contrast, the 
purification, crystallization and derivative search phase of 
the project took three years, illustrating the truism that in 
protein crystallography, making crystals is the problem. 



The structure of leishmanolysin is shown in Plate 35 with 
the GPI anchor towards the bottom, although the orientation 
of the molecule on the membrane is unknown. It consists 
of three domains, one of which is a zinc protease domain 
containing a zinc atom and two of which have new folds. 
There are 9 disulphide bonds, 6 in a complicated C-terminal 
domain attached to the GPI anchor. Two predicted and 
one unexpected carbohydrate sidechains were found, while 
C-terminal electron density that probably corresponds to the 
GPI anchor remains un interpretable. The structure gives us 
a first high resolution look at a protozoan surface molecule. 
One question was answered by the structural work: leish-
manolysin was known to be a zinc protease, but one zinc 
ligand was missing from the corresponding sequence motif, 
and it was unclear where leishmanolysin fitted into the family 
tree of zinc proteases. The structure makes this very clear. 
The active site region of leishmanolysin, like that of collage-
nases, superimposes on that of the simplest zinc protease 
of the metzincin class (astacin: the first metzincin structure 
was that of this crayfish digestive enzyme discovered at the 
University of Heidelberg - Bode et al., 1992) although the 
third zinc ligand of the motif is separated from the rest of the 
sequence motif by 65 amino-acids instead of the expected 5. 

PLATE 35 

The main surface antigen of the infective 
form of Leishmania is the zinc proteinase 
leishmanolysin, shown here. The structure 
will allow the design of inhibitors for func-
tional studies, which may prove useful leads 
towards drugs for leishmaniasis. The sphere 
in the centre of the ribbon diagram repre-
sents the active-site zinc atom, attached to 
three histidine side-chains. 

How in evolution this whole new domain was inserted into 
the highly constrained active site, presumably while main-
taining proteinase activity, is one of many questions raised 
by the leishmanolysin structure. 
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Structural studies of proteins and protein ligand complexes 

Group leader: R.K. Wierenga 

Fellows: C.K. Engel, R. Kishan*, M. Mathieu, W. Schliebs, N. Thanki*, A. Weijland 

Assistants: R. Abagyan*, A. KaQellopoulos*, K. Kishan*, J.P. Zeelen 

The functional properties of proteins are determined by 
their three-dimensional structures. These structures are of 
an overwhelming complexity. Our research is focused on 
the experimental determination of protein structures, with 
or without bound ligands and aimed at elucidating further 
the sequence-structure and structure-function relationships 
of proteins. Protein X-ray crystallographic methods are the 
principal tools, but other techniques, such as molecular 
biology, enzymology, and spectroscopy are equally essen-
tial. This multidisciplinary approach, strengthened by var-
ious collaborations inside and outside EMBL, is essential 
to enhance our understanding of the struture-function rela-
tionships of proteins. We focus on three different projects: 
monoTIM, ;:1-oxidation enzymes, and tyrosine kinases. 

MonoTIM 

MonoTIM is a monomerised variant of the dimeric try-
panosomal triosephosphate isomerase (TIM), obtained by 
replacing a 15 residue interface loop by an eight residue 
loop. The first characterization of monoTIM showed that 
monoTIM has residual catalytic activity (Borchert et at., 
1994), despite the fact that its crystal structure showed that 
two catalytic residues have acquired completely different 
properties (Borchert et at., 1993): Lys13 (loop-1) is com-
pletely mobile, and the side chain of His95 (Ioop-4) is point-
ing away from the active site. Since the structure determina-
tion of monoTIM, three more structures of monomeric TIMs 
have been determined (Table 1). Two crystal structures have 

The four crystal structures of monomerized TIM 

ligand* max. R-factor Comment 
resol. 

monoTIM SUL 2.4 A 16.5% 

monoSS - 2.4 A 19.8% monoTIM (F45S, V46S) 

monoSS PGH 2.4 A 17.8% monoTIM (F45S, V46S) 

monoW 2PG 2.4A 17.8% monoTIM (A100W) 

* SUL is a sulphate ion, PGH is phosphoglycolohydroxa-
mate, 2PG is 2-phosphoglycollate. 
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PLATE 36 

Temperature dependence of the stability of monoTIM(K13A), as 
measured by circular dichroism at 222 nm in the absence (open 
circles) and presence (closed circles) of 1 mM 2-phosphoglycollate 
(2PG). 
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been determined of a double mutant of monoTIM (referred 
to as monoSS), which has been crystallized in a liganded 
(with phosphoglycolohydroxamate) and unliganded form. In 
addition the liganded structure (with 2-phosphoglycollate) of 
a point mutation variant of monoTIM (monoW) has been 
determined. The crystallization conditions for the three new 
structures were found using an incomplete factorial screen 
by which 48 conditions are routinely and automatically 
checked using the hanging drop crystallisation method (Zee-
len et at., 1994). At the moment two such screens have been 
developed, covering 96 different crystallisation conditions. 
The new structures show great structural variability for the 
active site loops, 100p-1 and 100p-4, when compared with 
each other and with monoTIM. In the liganded structures 
the catalytic lysine and histidine adopt conformations very 
similar (but not identical) to those seen in wild-type TIM, but 
very different from the monoTIM conformation. In addition, 
the comparison of liganded and unliganded structures of 
monomeric TIMs show that the "open" and "closed" state 
observed for 100p-6 (which includes the catalytic glutamate, 
Glu167) is identical to that observed in wild-type TIM. 



PLATE 37 

The mode of binding of 2-phosphoglycollate (2PG) in the active site 
of wild-type yeast TIM (open bonds) and monoW (solid bonds). 

Glul67 

Lysl3 

The new structures of monomeric TIM show that the cat-
alytic residues, Lys13, His95 and Glu167 can adopt confor-
mations similar to those seen in wild-type TIM, and therefore 
we can now rationalize the observed catalytic activity of 
monoTIM. The importance of Lys13 for catalytic activity is 
proven by the observation that monoTIM(K13A) is inactive, 
despite the fact that the active site can still bind active site 
analogues (Plate 36). 

Further mutagenesis experiments on monoTIM are now 
aimed at rigidifying 100p-1 so as to position the Lys13 side-
chain correctly for catalysis, as is seen in the monoW/2PG 
structure (Plate 37). This protein design experiment will be 
based on loop modelling calculations which will be done 
in collaboration with Abagyan (New York, USA), using the 
ICM-software. 

,B-oxidation enzymes 

,B-oxidation enzymes are involved in the degradation of 
fatty acids. The determination of the structure of yeast 
(S.cerevisiae) peroxisomal thiolase (417 residues) at 2.8A 
has now been completed. This is a collaboration with Kunau 
(Bochum, Germany), who kindly provides us with purified 
thiolase. This thiolase crystallizes as a dimer per asymmetric 
unit and twofold averaging turned out to be essential for the 
structure determination (Mathieu & Wierenga, 1994). The 
averaging protocol was not straightforward, because some 
regions of the structure do not appear to obey the local 
symmetry. Therefore, a dual-mask averaging method was 

used, in which the protein region was divided into a region 
which obeys the local twofold symmetry (twofold averaging 
was applied in this volume) and a region which does not 
obey the local symmetry (the electron density values were 
left unchanged in this volume). Outside the protein mask 
solvent flattening was applied. The final structure has now 
been refined at 2.8 A resolution (Mathieu et al., 1994). The 
structure can best be described as consisting of two core 
domains and a loop domain (each domain is about 140 
residues). The two core domains have equal topology. The 
active site residues are in both core domains, the loop 
domain circles around the active site. The deviations from 
local twofold symmetry are in this loop domain; in addition 
several regions of this loop domain seem to be rather mobile 
and could not be built in either subunit-1 or subunit-2. Some 
of the residues in these regions are completely conserved 
in the sequences of all known thiolases, which suggests 
that they interact with the CoA-moiety of the substrate. The 
solved structure is without an active site ligand. Several 
crystallisation and crystal soaking experiments have failed 
to yield a liganded structure. Preliminary model building 
experiments with a long chain 3-ketoacylCoA molecule have 
shown that such a molecule is large enough to interact with 
the flexible regions of the loop domain. The first 27 residues 
are invisible in the electron density map (Plate 38). It is of 
interest to point out that the first 16 residues contain the 
import signal (Marzioch et al., 1994). If the peroxisomal 
import machinery recognizes the folded thiolase (Glover 
et al., 1994), then an interaction between the flexible N-
terminal signal sequence and a receptor molecule must be 
the first step. Fresh crystals, grown from freshly purified 
protein diffract to a resolution better than 1.9 A after cryo-
cooling. In collaboration with Rasmussen (EMBL, Grenoble) 
we will attempt to collect a complete 1.9 A dataset using the 
X-ray beam of the ESRF. 

PLATE 38 

The Ca-trace of the yeast peroxisomal thiolase dimer. The N-
terminal core domain (near the dimer interface) of the left subunit 
is shown in dark grey. In this view, the two independent active sites 
are at the top side of the dimer; the N- and C-terminus (marked 
by N and C) are at the bottom of the dimer. The N-terminus of the 
structure is at residue 27, whereas the C-terminus is at residue 417. 
Residues 1-26 are disordered in this crystal structure. 
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Much effort has also been given to the structure determi-
nation of 2-enoylCoA hydratase. This project is a collab-
oration with Hiltunen (Oulu, Finland), who kindly provides 
us with pure protein, isolated from rat liver mitochondria. 
Crystals can be grown reproducibly but the diffracting power 
is limited due to the small size of the crystals and the 
large unit cell dimensions. The spacegroup is P212121, with 
cell dimensions a= 76.6 A. b=95.8 A. c=246.1 A. There is 
one hexamer per asymmetric unit. The self-rotation function 
suggests 32-symmetry, with one local twofold axis parellel 
to the c-axis. One native and four heavy atom datasets have 
been collected, mostly at the. synchrotron in Hamburg. The 
Patterson's of the heavy atom datasets have not yet been 
solved. Weak initial phasing should be sufficient to solve 
the structure, due to the possibility of sixfold averaging and 
phase extension. Native crystals diffract to at least 2.8 A 
resolution. These crystals can be cryo-cooled without dete-
rioration of crystal quality. A method has been developed, 
together with the Tucker Group, to transfer these crystals 
from liquid nitrogen storage into the X-ray beam and vice 
versa, which allows us to interrupt data space collection and 
continue at a later stage, either in house or at a synchrotron. 

Tyrosine kinases 

Tyrosine kinases play an important role in signal transduc-
tion pathways. Our efforts have focused on Src (without 
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PLATE 40 

Characterization of the purification of the Src-kinase domain with 
SOS-polyacrylamide gelelectrophoresis. 
Lane 1: molecular markers (molecular weights are 

97,66,45,31,21, and 14). 
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PLATE 39 

The various constructs of tyrosine kinases. 

Src (u-) closed II f- purified, no crystals 

Src (SH1) f- purified, no crystals 

Csk (complete) i I purified, no crystals 

Csk (SHZ-SH1) CsitDI :=:J purified, no crystals 

Csk (SH1) I purified, no crystals 

Csk (SH3) [jjjj] purified, crystal structure solved 

Csk (SH3-SHZ) purified, low quality crystals 

unique domain) and Csk, in collaboration with the groups of 
Courtneidge and Superti-Furga. These constructs consist 
of SH3, SH2 and SH1 (kinase) domains. Although the folds 
of these domains are essentially known, it is unclear how 
these domains are assembled together, what determines 
their substrate specificity, and how their catalytic activity is 
regulated. The current status of the project is summarised 
in Plate 39. Two expression systems are being used: E.coli 
and Spombe. The purified closed form of Src (u-) and the 
Src-kinase domain (Plate 40) are expressed in Spombe. 
The characterization of the pure Src-kinase domain shows 
that it is phosphorylated on two places. Currently we are 
investigating at which residues the Src-kinase domain is 
phosphorylated. We are attempting to crystallize the purified 
constructs. 
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Lane 2: the crude extract. 
Lane 3: the purified Src-kinase domain. 
Lane 4: molecular markers. 
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Structure analysis of membrane proteins 

Group leader: I. Sinning 

Fellows: G. Montoya*, C. Moser* 

Visitor: E. Sauer-Eriksson* 

Assistants: U. Lango*, C. Svensson 

The major effort in our group is to get detailed information on 
the structure and function of membrane protein complexes, 
focussing on cytochrome bC1 and antenna complexes from 
photosynthetic bacteria. So far, the availability of well or-
dered 3D crystals has been the major limiting factor for 
structure determination of membrane proteins. We are trying 
to develop an improved screening procedure for the 3D 
crystallization of membrane proteins, and we are using 2D 
crystallization as an additional approach. 

Another research topic is the structure determination of 
proteins involved in targeting proteins to membranes (signal 
recognition particle, SRP) as well as redox enzymes. 

Light harvesting complex II (LHII) 

In photosynthetic organisms the light energy is trapped 
by specialized pigment protein complexes, the antenna 
complexes or light-harvesting complexes (LH complexes) 
which are integral membrane proteins. In some cases these 
antenna complexes can represent up to 50% of the total 
membrane protein. LH complexes from bacteria are com-
posed of two polypeptides called a and !3 with molecu-
lar weights of approximately 6 kDa. The minimal possible 
structural complex of LHII is thought to be an a2!3runit 
which binds 6 bacteriochlorophyll and 3 carotenoids. The a-
and !3-subunits are believed to contain one transmembrane 
helix. The isolated bacterial LH complexes are organized in 
large macromolecular assemblies that can be observed by 
native gel electrophoresis and ultracentrifugation sedimen-
tation experiments. LHII from Rhv. su/fidophilum has been 
solubilized using dodecylmaltoside. The oligomerization of 
the complex was determined using native gels and analytical 
ultracentrifugation (Ariel Lustig, Biocentre, Basle). LHII is 
an octamer with a molecular weight of approx. 110 kDa. 
However, a heptamer or nonamer cannot be fully excluded. 
Until recently the standard arrangement was believed to be 
a6!36· 

We have been able to grow 2D crystals using microdialysis 
(according to W. KOhlbrandt) with dimyristoylphosphatidyl-
cholide as a lipid (see Plate 41). The 2D crystals diffract to 

90 

about 18 A in negative stain with a tetragonal lattice: P4212 
a=b=157 A. This is the first time that 2D crystals of good 
quality have been obtained from a bacterial LHII complex. 
The projection map shows clearly a ring-like particle of about 
76 A outer diameter (30 A inner diameter) which is just the 
right size to accomodate an octamer (see Plate 42). The 
shape of the particle is very similar to that recently observed 
for LHI complex (S. Karrasch & R. Ghosh, Basle). Using 
cryogenic techniques diffraction beyond 6 A was observed. 
Processing of cryo-images is underway (EM work in collab-
oration with M. Cyrklaff & W. KOhlbrandt, EMBL). 

PLATE 42 

Projection map of negatively stained LHII complex at 18 A resolution 
from flattened tubular crystals, spacegroup P412 ; 2 x 2 unit cells 
are shown (a=b=1S7 A). The asymmetric unit and the symmetry 
elements are marked. 



bC1 complex 

The cytochrome bC1 complex plays an essential role in both 
respiratory and photosynthetic electron transport chains. 
This protein catalyzes the electron flow from ubiquinol to 
cytochrome C2 and creates a transmembrane electrical 
potential and a pH gradient which can be used for ATP 
synthesis. In mitochondria the bC1 complex (complex III) 
consists of 11 subunits, whereas the bacterial complexes 
consist of three subunits: a cytochrome b containing two 
protohemes non-covalently bound (high and low potential), 
a cytochrome C1 containing a single covalently bound heme 
group, and a Rieske iron sulfur protein containing a 2Fe-2S 
cluster (Plate 43). 

Our knowledge on the function of bC1 complex is advanced 
to a level where detailed structural information is needed 
in order to answer questions on e.g. how the cofactors are 
bound, how proton transport is coupled to electron flow or 
how the subunits interact. The problem with bacterial bC1 
complexes so far has been the lack of stability. Stability 
however is one of the major requirements for crystallization. 
Our strategy is to screen extremophilic organisms in order 
to find a suitable source for further studies. We have looked 
at halophilic and thermophilic purple bacteria and purified 
the bC1 complex from Rhodobacter, Ectothiorhodospira and 

PLATE 41 

20 tubular crystals of the reconstituted LHII complex in OMPC, 
negatively-stained with uranyl acetate. 

Chromatium spp. We started with the biochemical charac-
terization, FTIR and EPR spectroscopy and with 2D and 
3D crystallization experiments. Other non-photosynthetic or-
ganisms will follow. 

out 

in 

PLATE 43 

Bacterial bC1 complex consists in most cases of three subunits: cyt 
b, cyt C1 and Rieske FeS protein. 
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Melibiose permease 

Melibiose permease (meIB) is an integral membrane protein 
from Eeoli. It belongs to the 12-helix transporter family and 
is involved in cation/sugar symport. MelB is expressed in 
Eeoli in a his-tagged form which is rather easy to purify. It 
consists of 473 amino-acid residues (MW 52 kDa). MelB has 
been extensively studied using site-directed mutagenesis 
and spectroscopy. Detailed structural information is needed 
in order to understand how the sugar is transported across 
the membrane, how this is coupled to cation symport and 
also to verify whether the cucrent hypothesis of the involve-
ment of acidic residues in cation transport is correct. We 
have started with 3D crystallization experiments (Collabora-
tion with G. Leblanc & T. Pourcher, CEA, Villefranche sur 
mer). 

SRP (signal recognition particle) 

Transport of secretory proteins to the endoplasmic reticulum 
(ER) is a fairly well characterized process. It is mediated 
by two components: SRP and the SRP receptor. SRP is a 
ribonucleoprotein composed of six polypeptides (9, 14, 54, 
68 and 72 kDa) and one RNA molecule (7SRNA). SRP binds 
to the signal sequence as it emerges from the ribosome 
and thereby elongation is arrested. The resulting complex is 
received by an SRP receptor located in the ER membrane. 
The SRP54 subunit comprises two domains: an N-terminal 
GTP-binding domain that functions as a GTPase and a 
C-terminal domain that binds to the signal sequence. 

For a long time it was believed that the SRP mediated target-
ing was a process unique to eukaryotes. However, related 
components have recently been identified in prokaryotes. In 
Eeoli these SRP-like particles are comprised of only one 
protein (P48, Ffh) and a small RNA (4.5 S RNA). Both 
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of these molecules are structurally related to mammalian 
SRP54 and 7SRNA, respectively. In addition, a protein 
(FtsY) has been isolated from Eeoli that is homologous 
to the Q subunit of the eukaryotic SRP receptor. This 
protein also has a GTPase activity. Unlike its eukaryotic 
counterpart, FtsY is a soluble protein which is likely to be 
associated with the plasma membrane. FtsY has a pi of 
4.2 and 30% of the residues in the N-terminal region are 
glutamic acids. We have started with the crystallization of 
FtsY, P48 (Ffh) and SRP54. Little crystals have been ob-
tained from FtsY (Collaboration with Joen Luirink, University 
Amsterdam). 

PAPS reductase 

Inorganic sulphate is reduced to sulphide by a sequence 
of enzymatic steps involving ATP sulphurylase, adenyl 
sulphate kinase (APS), Phospho-adenylylphosphosulphate 
(PAPS) reductase and sulphite reductase. The complete 
process of assimilatory sulphate reduction supplies pro-
totrophic organisms with reduced sulphur as required for the 
biosynthesis of sulphur-containing metabolites. The PAPS 
reductase gene from Eeoli K12 was cloned and expressed 
in a PAPS reductase-deficient strain of Eeoli. The protein 
is composed by 244 amino-acids, the Mw is 28 kDa. PAPS 
reductase is active as a dimer in solution and contains no 
cofactors. One of our interests is to understand how two 
electrons are stored prior to the reduction of PAPS. Crystals 
of PAPS reductase grew within 1-2 weeks at 40 C to a size 
of 0.2xO.2xO.6 mm. The spacegroup is C222 with unit 
cell dimensions a=82.8 A. b=98.2 A. c=11 0.7 A. The crystals 
diffract to beyond 3 A on a conventional X-ray source and 
are stable for about 48h in the beam. A native data set 
has been collected to 2.1 A and screening for heavy atom 
derivatives is under way. (Collaboration with Jens Schwenn, 
University Bochum). 



Crystallographic methods 

Group leader: P .A. Tucker 

Scientists: P. Herde*, J.P.M. Postma, D. Wild* 

Fellows: B. Agianian*, P. Kanellopoulos 

Visitors: C. Betzel*, S. Butterworth*, P. Collins*, S. Hamodrakas*, C. Kavounis*, T. Klabunde, R. Lieckfeldt, Y. Papanikolav*, J. Skelly*, 
N. Strater, A. Tepliakov*, B. Vallone 

Assistant: H. van der Zandt 

The aim of the group is to implement and develop meth-
ods that facilitate macromolecular crystal structure deter-
minations. The group therefore supports the X-ray labora-
tory 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 second 
device for collecting data at cryogenic temperatures has 
been installed on one of the image plate scanners and 
techniques for characterizing crystals and then storing them 
at liquid nitrogen temperatures for future use has been 
improved. Internal projects that have used instrument time 
during the year are: 

Yeast thiolase (Mathieu, leelen, Wierenga: 
X1 00,100° K) 
Triosephosphate isomerase mutants (leelen, 
Wierenga: FAST) 
Enoyl-CoA hydratase (Engel, Wierenga: Big MAR, 
FAST, X100) 
3,2-enoyl-CoA isomerase (Engel, Wierenga: Big MAR) 
T5 exonuclease (Ceska, Suck: MAR) 
P1 nuclease/DNA complexes (Romier, Suck: Big MAR) 
max/DNA complex (Brownlie,Suck: MAR) 
Human DNAse I (Wolf, Suck: BigMAR) 
PDC/DCoH (Ficner, Sauer, Suck: MAR, X100A) 
Spectrin/abl SH3 domains/complexes (Musacchio, 
Saraste: MAR) 
PH domain (Musacchio, Saraste: MAR) 
Cytochrome oxidase A (Wilmanns, Saraste: BigMAR) 
Rab7 complex (Brachvogel, Metcalf: MAR) 

Adenovirus DBP/DNA complex (Kanellopoulos, 
Tucker: X100, MAR) 
Adenovirus DBP (Kanellopoulos, Tucker: X1 00, 100° K) 
NS2 (Van der landt, Tucker: MAR) 
Fumarate reductase (Auer, Kuehlbrandt: MAR) 
PAP (Sinning, MAR) 

External projects that have used instrument time during the 
year are: 

Concanavalin A complexes 
(Hamodrakas: MAR,BigMAR) 
Kidney bean purple phosphatase 
(Klabunde, Strater: Big MAR) 
Peptide binding protein PI (Papanikolav: MAR) 
Glucosamine 6-phosphate synthetase 
(Butterworth: MAR) 
Pyrophosphatase (Tepliakov: MAR) 
d-nucleotide kinase (Tepliakov: MAR) 
Rop mutants (Papanikolav: MAR) 
Nitroreductase (Skelly, Collins: MAR) 
Sperm whale myoglobin mutants (Vallone: FAST) 
W ATPase (Scarborough, Madden: X100) 

In addition time has been made available for experiments 
on diffraction from lyotropic phases of lipids as a function of 
temperature (Lieckfeldt). 

Electron density map fitting 

We have initiated a novel approach to the real space elec-
tron density fitting problem based upon a standard algorithm 
in the field of digital image processing. The electron density 
fitting problem can be formulated as follows. Given an 
electron density map, is it possible to fit a set of molecular 
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templates in such a way that the resulting fit is unique 
and corresponds with the molecular information contained 
in the electron density map? The fit is done in real space. 
This allows the application of other techniques such as 
edge detection, feature detection, real space refinement of 
fragments and real space map modifications. 

The current algorithm we have implemented is known as 
picture matching. There are many possible ways of measur-
ing the degree of match or mismatch between the template 
and the 3D molecular density map. We have chosen the 
overlap integral as a measur,13 of the degree of match. As 
the electron density is not available as a continuous function 
all calculations are done on a 3D discrete grid. We have 
implemented the algorithm in the following way. A unique set 
of molecular fragments is given by the STRUCT _ FRAGM 
utility (see Protein Data Base access system) and the theo-
retical density of this set is calculated, the resolution and grid 
spacing being determined by the molecular electron density 
map. We then perform a systematic search of the resulting 
template density throughout the molecular electron density 
and calculate at each grid point in the map the overlap 
integral. When all possible grid points have been visited 
the overlap integrals are ordered and clustered. The thus 
ordered list corresponds with decreasing degrees of match. 
We have tested this algorithm on the glucagon hormone 
(1 GCN) which is a 29 residue polypeptide containing one 
helix with the Nand C termini in non-helical conformations. 
We chose as a test template a helical fragment (6 residue 
Ca's only) when, with a limited set of different orientations, 
the ordered list of overlap integrals showed the highest 
match numbers occurring in the helical regions of the elec-
tron density map of 1 GCN. 

Further improvement of the algorithm and the testing of 
more complete helical templates is underway and is neces-
sary before an attempt can be made with an experimental 
electron density map. 

Protein Data Base access system (YABP, K? and QUE) 

During the year the PDB access system (last year's Re-
search Report) has been further developed by implementing 
the access system on different computer architectures and 
by constructing a window interface to the query program 
(QUE). For the latter development the datafile generating 
program YABP, and the library of access and datafile up-
dating functions K? have been extended. 

We have successfully implemented K? on all VMS and UNIX 
systems at EMBL. The implementation has been done in 
such a way that no changes are necessary to the program 
sources. Furthermore the actual data access can be done 
either in fileseek mode or, if the specific architecture allows 
it, via a file mapping mechanism. The latter scheme is 
usually several orders of magnitude faster than the file-
seek mechanism. The datafile generating program is still 
VMS/OpenVMS specific. Two statistical analysis programs, 
LOOP _ SEARCH and STRUCT _ FRAGM, have been de-
signed to be used in the density fitting project. The first 
one determines, given a Ca trace, all possible hits with 
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corresponding fragments in the datafile using a conventional 
distance matrix approach . The second one determines a 
unique set of poly-Ca conformations, in principle of any 
length. This results in a set of polypeptide chains which 
should form the database to be used in fitting molecular 
fragments into an experimental electron density map (see 
above). We started implementing a window interface to 
the QUE query program. The implementation was done 
using the public domain software packages Tcl and Tk, 
which have become a de facto standard. This environ-
ment allows for easy prototyping. Apart from the actual 
interface, three database management tools (MKCLASS-ID, 
MKCLASS-GRP and MKCLASS-ATM) have been designed 
in order to classify PDB entries, groups and atoms into 
classes. These three tools produce additional information 
which is not explicitly held in the original PDB files in a 
user friendly way. All three tools allow for the automatic 
updating of the datafile produced by YABP. They also pro-
duce information which can be used in the actual QUE 
window interface. The interface to QUE is of graphical 
nature (See Plate 44). It contains a working area (right) 
and a palette (left) which contain objects which can be 
queried. These are PDB-entries, secondary structure ele-
ments, groups (e.g. residues, nucleotides, etc.) and atoms. 
The objects can be dragged into the working space and can 
be connected to each other, where a connection between 
an object of higher hierarchical order with an object of lower 
order means that the latter is contained in the former (thin 
lines). A connection between objects of the same order 
represents a relation (thick lines). By double clicking the 
bitmaps which represent the objects or relations, the corre-
sponding attributes of each object or relation can be entered. 
The output is a Query-description file similar to the one 
described in the 1992 Research Report. The query depicted 
in the figure can be filled in as: Search for X-ray structures 
(hydrolases only) with resolution range better than 2.5 A, 
that contain a helix of a specific length. The helix should 
contain two groups (ASP and CYS) with at least 4 groups 
in between. The S, of CYS should be bound to a heavy 
atom. 
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PLATE 44 

The window for the interface to the PDB query system, described 
in the text. 



AVS implementation of CCP4 programs 

A number of CCP4 programs (SFALL, RSTATS, FFT, EX-
TEND, PEAKMAX, WATPEAK, ENVELOPE) have been 
integrated into the AVS environment. Modules for read-
ing/writing maps, structure factor and atomic coordinate 
files have also been produced. Each CCP4 program is 
encapsulated in an AVS macro module, and may be used 
individually or linked to other modules in a data flow network. 
An interface module provides the GUI and passes input 
parameters from the on-screen widgets as strings to an 
output port. A combination of two public domain modules 
create a named pipe and pass strings output by the GUI 
to this pipe. The CCP4 program is incorporated into an 
AVS co-routine module and opens the named pipe as it's 
standard input. A similar mechanism allows output from the 
program to be passed to filters, or a text browser widget 
on screen. The results of crystallographic calculations, such 
as electron density maps and Patterson maps, may be 
visualized with a variety of 20 and 3D graphical tools, 
and can be combined with renderings of the molecular 
structure. 

Collaborative structural projects 

Adenovirus ssDNA binding protein 
(with D. Tsernoglou & P. van der Vliet) 

A second crystal form of the C-terminal domain of this 
protein has been solved and refined to 3.0 A resolution 
from data sets measured at ambient temperature and 
100· K. The spacegroup is P212121 with a=61.0, b=91.2 
and c=149.4 A. The ambient temperature refinement con-
verges with R=20.2% (Rtree=29.6%). Like the structure of 
crystal form I, that we have reported previously, the pro-
tein forms chains, in this case, along the crystallographic 
z-axis. There are two molecules per asymmetric unit, these 
being adjacent molecules in the protein chain. The chain 
is continued by a second pair of molecules related to the 
first pair by a crystallographic 21 axis. The cores of the 
molecules are related by an approximately 90· rotation about 
z with respect to their neighbours, in contrast to crystal 
form I, where adjacent molecular cores are related by a 
180· rotation. The structures of the three molecules (the 
two independent molecules of crystal form two and the 
molecule from crystal form one) are compared in Plate 45. 
It is clear that the difference is almost entirely in the ori-
entation of the C-terminal arm which, in turn, is responsi-
ble for the interactions of one molecule with its neighbour 
in the protein chain. This would imply that the protein 
chain is relatively flexible, at least when not complexed 
to ssDNA. The 17aa C-terminal peptide has been syn-
thesized but, surprisingly, does not appear to affect the 
cooperativity of DNA binding, even when in 20-fold ex-
cess. 

Recombinant (aa 174-529), 
174-529) and 174-512) have been pro-
duced in large amounts, and purified, from a baculovirus 
expression system. The recombinant produces 
the same crystals as protein obtained by chymotryptic digest 

of the full protein obtained from infected HeLa cells, but over 
a larger concentration range. Crystals of the recombinant 

in complex with a 16mer ssDNA have also 
been produced, and are again similar to complex crys-
tals obtained previously (see last year's Annual Report). 
A derivative search at 6 A resolution has been instigated 
because the molecular replacement problem has proven 
intractable. 

Non-structural protein 2 from bluetongue virus 
(with P.Roy) 

Non-Structural protein 2 from bluetongue virus is a ssRNA 
binding protein involved in viral morphogenesis. Crystals of 
the protein have been obtained diffracting to a maximum 
resolution of 3.5 A, with spacegroup P61 (or P6s), a=1 04.1 A 
and c=81.1 A. The crystals however, depending on details 
of crystallisation, contain differing proportions of fragments 
of the 41 kD (357aa) protein. The proteolysis pattern is 
similar to that obtained with chymotrypsin and indeed serine 
protease inhibitors prevent proteolysis just as they prevent 
crystallisation. The major proteolysis product found in the 
crystals comprises residues 1-179 and we have shown 
that this fragment binds RNA. Currently we are working on 
producing protein from constructs coding for residues 1-227 
and 1-179. 

PLATE 45 

Superposition of molecules (Cn trace) in the two crystal forms 
of the adenovirus ssDNA binding protein, showing the similarity 
of the core of the protein but the difference in orientation of 
the C-terminal arm. The molecules of crystal form II are shaded 
darker. 
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Aerolysin (with M.Parker) 

The refinement and model building of the pre-aero lysin has 
reached its final stage. The final crystallographic R-factor is 
20.6% for all measurements between 6.0-2.8 A. A better as-
signment of helices and strands has been made. Currently 
we are performing analyses of monomer-monomer contacts, 
aromatic clusters and cavities. 

Publications during the year 

Athanasiadis, A., Vlassi, M., Kotsifaki, D., Tucker, P.A., 
Wilson, K.S. & Kokkinidis, M. (1994). Crystal structure of 
Pvull endonuclease reveals extensive structural homologies 
to EcoRV. Nature Struct. BioI., 1, 469-475 

Parker, MW., Buckley, J.T., Postma, J.P.M., Tucker, A.D., 
Leonard, K., Pattus, F. & Tsernoglou, D. (1994). Structure of 
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membrane-channel states. Nature, 367, 292-295 

Parker, MW., Buckley, J.T., Postma, J.P.M., Tucker, A.D., 
Leonard, K. & Tsernoglou, D. (1994). Crystal structure 
and assembly of the channel-forming Aeromonas toxin 
proaerolysinin. In Bacterial Protein Toxins,:eds. Freer, J.H.; 
Gustav Fischer, Stuttgart, ZBL. Bakt. Supl. 24 

Timmins, PA, Wild, D. & Witz, J. (1994). The three-
dimensional distribution of RNA and protein in the interior 
of tomato bushy stunt virus: a neutron low-resolution single-
crystal diffraction. Study Stucture, 2, 1191-1201 

Tucker, PA, Tsernoglou, D., Tucker, AD., Coenjaerts, 
F.E.J., Leenders, H. & van der Vliet, P.C. (1994). Crystal 
structure of the adenovirus DNA binding protein reveals a 
hook-on model for cooperative DNA binding. EMBO J., 13, 
2994-3002 



Cytoskeletal and membrane proteins 

Group leader: M. Saraste 

Fellows: J. Castresana, M. Hyv6nen, M. Kelly, P. Lappalainen, M. LObben*, A. Musacchio, M. Wilmanns 

Visitors: J.-W. de Gier*, V.-P. Lehto* 

Assistant: A. Warne 

Structure and evolution of cytochrome oxidase 

We are working on the structure of cytochrome oxidase 
and related membrane-bound enzymes. Cytochrome c and 
quinol oxidases function as proton pumps, and a central 
problem concerning their function is how the reduction of 
oxygen catalysed by these complexes is coupled to vectorial 
proton transport. Any insight into the mechanism requires 
more detailed information of their three-dimensional struc-
ture. The first success along this path is the structure of 
a membrane-exposed domain of cytochrome oxidase. This 
domain binds the substrate, cytochrome c, and contains a 
unique copper centre (called CUA). 

Cytochrome oxidase is a characteristic enzyme of mitochon-
dria where the complex contains up to 13 different protein 
subunits. Bacterial cytochrome oxidases contain three or 
four different subunits and represent the functional core 
of the eukaryotic enzyme. The 02-binding active site is a 
bimetallic Fe-Cus centre where Fe is the central atom of the 
high spin haem. Electrons are transferred via the CUA centre 
and a low spin haem to the active site. These redox-active 
metal centres are bound to subunits I and II. Subunit I 
harbours the bimetallic Fe-Cus site and the binding site for 
the low spin haem, whereas subunit II contains the binding 
site for the CUA centre. The homologous subunit of quinol 
oxidases has lost this metal centre. 

Within our group, the main effort during 1994 towards the 
structure of the entire cytochrome oxidase complex has 
been 2D crystallization of several bacterial oxidases. This 
work has been carried out by Tony Warne. Our aim is to 
begin electron crystallographic analysis before the end of 
1995. 

We have also continued to work on two archaebacterial ter-
minal oxidases, both on the genetic and biochemical level. 
Both oxidases (called the SoxABCD and SoxM complexes) 
are hybrids between mitochondrial cytochrome c reductase 
and oxidase. That is, they contain cytochrome oxidase sub-
units in complex with the core subunits of the cytochrome c 
reductase (cytochrome bC1). Both complexes contain a ho-
mologue of cytochrome b, and the SoxM complex has also 
a protein with an iron-sulphur centre that is a characteristic 
component of cytochrome bC1. These hybrid structures are 
interesting evolutionary variations on the common theme of 
respiratory complexes. 

These studies on the archaean oxidase complexes have 
led to a scenario for the evolution of aerobic respiration 
(Plate 46), mainly developed by Jose Castresana in a close 
collaboration with Desmond Higgins (EBI). It is clear that the 
common ancestor of Eubacteria and Archaea had already a 
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A scenario for the evolution of key bioenergetic systems. Enzyme 
complexes belonging to the cytochrome oxidase superfamily as well 
as those related to cytochrome bC1, another respiratory complex, 
are present both in Archaea and Eubacteria. They must have devel-
oped before the separation of the main life domains. The common 
ancestor probably had a FixN-type oxidase, a microaerophilic en-
zyme that is the precursor of the modern mitochondrial cytochrome 
c oxidase, as well as nitric oxide reductase, a denitrification enzyme 
and the precursor of the FixN oxidase. Chlorophyl-based, oxygenic 
photosynthesis has not yet been found in Archaea. It has developed 
in the eubacterial line after the main split. This "respiration-early" 
hypothesis is contrary to the "photosynthesis-early" model found in 
text books. See Castresana et a/. (1994) and Saraste & Castresana 
(1994) for details. 
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sophisticated respiratory chain containing both cytochrome 
bC1 and cytochrome oxidase. On the other hand, the oxy-
genic, chlorophyl-based photosynthetic apparatus was prob-
ably not present in this ancestor. Therefore, it seems that 
aerobic respiration is older that oxygenic photosynthesis, 
and that it had evolved before dioxygen became an abun-
dant component of the atmosphere. Molecular archaelogy 
has also identified evolutionary links between denitrification 
("anaerobic respiration") and oxygen-utilizing respiration. 

Structure of CUA-binding domain 

The C-terminal domain of subunit II is located outside the 
membrane and can be expressed in a soluble form. It 
contains the CUA centre in cytochrome C oxidases. The 
domain in the homologous subunit of quinol oxidases does 
not contain copper but the copper site can be introduced 
by protein engineering. CUA is a unique copper site, and its 
structure has been controversial. Using the soluble domain, 
Mark Kelly and Pekka Lappalainen have been able to show 
unequivocally that the site has two coppers in a mixed 
valence configuration. 

Crystallographic studies on the soluble subunit II frag-
ment from quinol and cytochrome C oxidases have been 
in progress already for over two years. Our efforts have 
been focused to the structure of the CyoA fragment, the 
C-terminal part of subunit II of the E.coli quinol oxidase. 
Using a series of cysteine-containing mutants, Matthias 
Wilmanns has been able to find heavy atom derivatives and 
to solve the phase problem. The structure (Plate 47) is now 
almost completed. 

PLATE 47 

The crystallographic structure of the membrane-exposed domain 
isolated from the E.coli quinol oxidase complex. The structure of this 
fragment of CyoA protein was determined by Matthias Wilmanns. 
The core of this protein is made of two ,a-sheets which are flanked 
by three a-helices on the surface. 
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Cytochrome c binding site 

The soluble CUA-binding domain isolated from cytochrome 
c oxidase reacts with the substrate. The kinetics of elec-
tron transfer between the CUA site and cytochrome c 
have been used as an assay for substrate binding. In 
collaboration with Colin Greenwood and Nicholas Wat-
mough (Norwich), Pekka Lappalainen has mapped the 
key residues involved in the substrate binding. Three car-
boxylic acid residues that are invariant in cytochrome c 
oxidases but absent from the quinol oxidases are very 
important for the binding of cytochrome c to the domain. 
Moreover, the Kd for the binding is similar to that mea-
sured with the intact oxidase, indicating that the entire 
cytochrome c-binding resides in the C-terminal fragment of 
subunit II. 

Spectrin domains 

Our second major project concerns the structure and func-
tion of spectrin domains. Spectrin is a large elongated 
protein and the major component of the membrane skele-
ton in animal cells. It is a heterodimer where each of 
the a- and ,B-subunits is made of repeating units. The 
canonical repeat has 106 amino-acid residues and folds 
into an a-helical structure. Unique domains that carry the 
functional properties of spectrin are flanked between the 
repeats or found in the termini of the subunits. These 
functions include interactions with other components of 
membrane skeleton such as F-actin and ankyrin. Even-
tually, we will try to solve the three-dimensional struc-
ture of spectrin using the information on individual do-
mains and their pairs as well as a global domain map 
of spectrin which may become available via electron 
microscopy. 

The spectrin repeat appears to be a bundle of three an-
tiparallel helices. Jaime Pascual (a predoctoral student 
in the Sander group) is determining the structure of a 
spectrin repeat using mUlti-dimensional NMR techniques. 
The N-terminal domain of ,B-spectrin is an F-actin-binding 
domain. The C-terminal domain of a-spectrin may reside 
close to the actin-binding domain. Gilles Trav€! has ob-
tained biochemical and spectroscopic evidence showing 
that the terminal domain of a-spectrin is similar to calmod-
ulin. The NMR structure of this domain is well under way. 
Both projects are carried out in collaboration with Annalisa 
Pastore. 

PH domain 

The C-terminal domain of ,B-spectrin and the N-terminal 
domain of the a-chain associate spectrin in the tetramer 
which is the actin cross-linking form of the protein. 
The general isoform of ,B-spectrin contains a PH do-
main in its C-terminus. The PH or "pleckstrin homol-
ogy" domain is particularly abundant in signalling proteins 
and is assumed to be involved in protein/protein interac-
tions and/or to bind membrane lipids. The solution struc-



PLATE 48 

The three-dimensional structure of the spectrin PH domain deter-
mined by NMR. Seven ,a-strands form a strongly bended sheet 
which is shielded by the C-terminal a-helix. Another a-helix is 
present in a loop specific to the spectrin domain. V26 is supposed 
to be a functionally important residue on the basis of a mutation 
occuring in a homologous domain of the Btk tyrosine kinase. See 
Macias et at. (1994) for details. 

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

ture of the spectrin PH domain (Plate 48) was determined 
with Maria Macias, Hartmut Oschkinat and Michael Nilges. 
Marko Hyv6nen has been searching for ligands for the 
PH domain. His results suggest that phosphorylated head 
groups of phosphatidyl inositol specifically bind to the do-
main with a moderate affinity in micromolar range. 

SH3 domain/ligand complexes 

A unique domain in a-spectrin belongs to the family of SH3 
("Src-homology 3") domains. Similarly to the PH domain, it 
is abundant in proteins that take part in the signal transduc-
tion theatre where it is involved in specific protein-protein 
interactions. SH3 domains seem to recognize proline-rich 
peptide motifs in their target proteins. Andrea Musacchio 
has determined the crystallographic structure of two SH3 
domains complexed with their ligands. The proline-rich pep-
tides adopt the conformation of a polyproline II helix in 
the complex. The analysis of these structures, and those 
reported by other groups, has yielded the basic rules for the 
ligand interaction. 
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The main goal has been the elucidation of 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. 

The nature of unfolded proteins 

The unfolded state of a protein is the most difficult to 
characterize in detail, as each molecule is likely to have 
a unique conformation at each instant of time, and only the 
average properties of the population can be determined. It 
has not been certain whether unfolded proteins approximate 
random coils or whether they adopt a more limited range of 
conformations that depend upon the conditions. 

Staphylococcal nuclease 

Detailed analysis of the unfolding of staph nuclease by D. 
Shortie (Johns Hopkins University) suggested that the un-
folded state was substantially perturbed by mutation, which 
was the most persuasive evidence that unfolded states were 
far from random coils. In collaboration, this was investi-
gated further by transverse urea gradient electrophoresis, 
a technique developed by this group. It measures the hy-
drodynamic volume of a protein as a function of denaturant 
concentration. Mutants in which the native structure had 
been destabilized made the unfolded state populated under 
non-denaturing conditions. The results indicated that the 
unfolded state of staph nuclease is as unfolded under all 
conditions as proteins known to approximate random-coils, 
but that it is in equilibrium with a partly-folded conformation, 
which is susceptible to mutation. 

Reduced Bovine pancreatic trypsin inhibitor (BPTI) 

The unfolded state of BPTI, without its three disulphide 
bonds, is amenable to study under non-denaturing condi-
tions; a previous study of peptide fragments by NMR had 
indicated that it approximates a random coil, but with some 
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unexpected local interactions. The physical natures of these 
interactions were characterized further. Surprisingly, some 
of them were insensitive to denaturants, indicating that they 
will be present under a variety of conditions. 

Disulphide-coupled protein folding pathways 

Folding coupled to disulphide formation has the advantages 
that the intermediates may be trapped and characterized in 
detail and their kinetic roles determined relatively unambigu-
ously. 

BPTI 

This disulphide folding pathway is the most detailed folding 
pathway known. The two- disulphide stage was dissected 
by removing by site-directed mutagenesis one or two of the 
cysteine residues. The results demonstrated the correctness 
of the original folding pathway and were incompatible with 
revisions to the pathway proposed by J. Weissman & P.S. 
Kim (MIT). 

The folding intermediates of a homologue of BPTI from black 
mamba snake venom are being characterized by NMR, in 
collaboration with M. Hollecker (CNRS, Orleans). 

a-Lactalbumin 

This disulphide folding pathway had been characterized 
earlier. Its disulphide intermediates have been very useful 
in several studies of the role of protein conformation, as 
their conformations can be uniquely varied in specific ways. 
They have been used in collaborative studies of the recog-
nition of proteins by the chaperonin GroEL (with F.U. Hartl, 
Sloan Kettering, and C.M. Dobson & S. Radford, Oxford) 
and by the proteasome (with T. Wenzel & W. Baumeister, 
Martinsried), and of the thermodynamics of protein folded 
structures (with S. Robertson & A. Cooper, University of 
Glasgow). 
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Current model for the mechanism of disulphide formation 
in newly-synthesized proteins in the bacterial periplasm. 
At the lower left, the polypeptide chain is being secreted 
from the cytoplasm by SecE and SecY. In the periplasm, 
the polypeptide chain reacts with the disulphide bonds 
randomly. The random disulphide bonds are then rear-
ranged by DsbC, to produce the properly folded protein 
lower right. The disulphide bond of DsbA is regenerated 
by reaction with the membrane protein DsbB. 

periplasm 

cytoplasm 

Catalysts of disulphide formation 

Protein folding coupled to disulphide formation is catalyzed 
in vivo, and the disulphide folding pathways of several 
proteins elucidated by this group are being used in vitro 
to determine how these catalysts function. 

Protein disulphide isomerase (POI) 

PDI appears to be the main catalyst of protein disulphide 
formation and rearrangment in the eukaryotic endoplasmic 
reticulum. It is a relatively large protein of 57 kDa, but its 
sequence suggests the presence of at least five different do-
mains. Each of these domains is being produced by genetic 
engineering, and their functions and structures are being 
characterized. The structure of 13C, 15N labelled N-terminal 
domain, which is related to thioredoxin, is being determined 
by NMR analysis (in collaboration with R. Scheek, University 
of Groningen). Similar studies on the other domains are in 
progress, but attempts are also being made to crystallize 
them, in collaboration with I. Sinning. 

DsbA 

Previous studies have shown that the primary function of 
this protein in the periplasm of prokaryotes is to introduce 
disulphide bonds into newly-synthesized proteins (Plate 49). 
It is a relatively simple model system that is related to 
thioredoxin and to PDI. Its mechanism of action on a small 
model peptide has been elucidated and compared to that 
of PDI. DsbA catalyzes the thiol-disulphide exchange reac-
tion between itself and other proteins; the detailed phys-
ical chemistry of how it does this is being explored by 
functional and NMR studies on various mutant forms of 
the protein (some provided by R. Glockshuber, ETH). In 
particular, the unusual electrostatic properties of the active 
site of the protein, where a cysteine thiol group has a 
pKa value of 3.5 and which is probably responsible for its 
catalytic properties, are being characterized. Its interactions 
with unfolded peptides are being studied crystallographi-
cally by J. Martin (University of Brisbane) in a collaborative 
project. 

DsbC 

DsbC was discovered independently by the genetic studies 
of two groups. In collaboration with S. Raina, D. Missiakas, 
& C. Georgopoulos (Universite de Geneve), it has been 
shown to be much more active than DsbA in catalyzing 
disulphide rearrangements in proteins. It can also transfer 
its disulphide bond to other proteins, but no mechanism 
for regenerating that disulphide bond has been found, so 
its main role in the peri plasm seems to be to catalyze 
disulphide rearrangements, which are often important for 
protein disulphide folding. 

In collaboration, crystals of DsbC have been obtained by 
P. Metcalf (EMBL). The seleno-methionine-Iabelled protein 
has been prepared, so it should be possible to determine its 
structure using MAD techniques. 

The current model for the mechanism of protein disulphide 
formation in the bacterial periplasm is depicted in Plate 49. 
The combination of genetic and biochemical approaches to 
protein disulphide bond formation in the bacterial periplasm 
should soon make it possible to confirm or extend this in 
vivo mechanism. 
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From genome sequences to protein structures 

How is genetic information translated to protein structure 
and function? How can one efficiently process the informa-
tion in many thousands of new sequences and hundreds of 
new structures? How can remote evolutionary relationships 
be detected and exploited to provide biological insight? 
How do proteins fold? What determines their stability, their 
interactions with one another, their interaction with DNA? 
What are useful quality criteria for protein model structures? 
How can we predict structure from sequence? How can we 
pinpoint functionally important residues? How can we design 
new protein sequences that result in desired properties? 
Which information resources are suitable and useful for net-
work access by molecular biologists? In search of answers 
to these questions we use methods, as appropriate, from 
physics, statistics, mathematics, computer science, software 
engineering and, in collaboration, genetic engineering, X-ray 
crystallography and NMR spectroscopy. Read below what 
was new in 1994. 

Genome analysis 

Yeast chromosomes and small genomes 

A major goal of genome sequencing projects is the com-
plete description of the function of all proteins. For most 
proteins sequenced in genome projects, an experimentally 
determined function is not available. Fortunately, evolution-
ary relationships can be exploited to predict the function 
of many other proteins from their amino-acid sequence. 
Comprehensive analysis of the completely sequenced yeast 
chromosomes XI (331 genes), VIII (269 genes) and II (387 
genes), of more than one third of the Mycoplasma capri-
colum genome (over 200 genes) and a reassessment of 
98 open reading frames (ORFs) from archaean organisms 
has resulted in the identification of many additional gene 
functions of biological and evolutionary interest (Plate 50). 

PLATE 50 

Information clock for yeast chromosomes III, VIII and XI. Currently, 
comprehensive database search methods using advanced tools 
suggest a function for about 60% of newly determined sequences. 

unknown 

Proteins of yeast chromosomes III, VIII, XI 

An in-house collaboration concerns yeast chromosomes IX 
and XV which are being determined by automatic sequenc-
ing methods in the Ansorge group. Close contact between 
the sequencing and computing groups has led to interesting 
results not easily attainable by either partner alone. Ex-
amples are the resolution of a sequence discrepancy to 
previously sequenced genes using the conservation pattern 
in the family of sequence-related proteins. Another is the 
confirmation of an unexpected amino-acid sequence feature 
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by making reference to the raw sequence data. Exhaus-
tive database searches detected sequence homologues of 
known function for as many as 14 of the 17 ORFs in 33.8 kb 
containing the centromere region of yeast chromosome IX. 
A surprisingly large fraction of the ORFs (at least 6 out of 
17) in the centromeric region are involved in RNA or DNA 
binding (Voss et al., 1995). 

Work-bench for large-scale sequence analysis 

A prototype software systel], called GeneQuiz, aims at 
efficient high-quality derivation of protein function from se-
quence information (Scharf et al., 1994). The system was 
designed to meet the needs that arise in computational 
sequence analysis and is based in part on our experience 
with the analysis of yeast chromosome sequences (see 
1993 report). The prototype system consists of two parts: (i) 
a database update, search and analysis system (driven by 
perl programs and rdb, a simple relational database engine) 
and (ii) a visualization and browsing system (developed 
under C++IET ++). Further developments will allow active 
guidance of the user by a rule-based system. 

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. In the absence 
of detailed experimental information it would therefore be 
very useful to be able to identify such key residues from the 
amino-acid sequence alone. Classically, strictly conserved 
residues are predicted to be involved in function, but often 
conservation patterns are more complicated, e.g., when a 
subset of proteins in a family adapts to specific functional 
constraints. A novel method that exploits such subtle pat-
terns of conservation for the prediction of functional residues 
has been developed (Casari et al., 1995). 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". Projection of these vectors onto a lower dimensional 
space using principal component analysis reveals groups of 
residues specific for particular subfamilies (Plate 51). It is 
such specificity-determining residues that are predicted to 
be directly involved in protein function. Proof of the concept 
comes from control examples for which sets of functional 

PLATE 51 proteins 

Prediction of functional residues by sequence 
space analysis of the Ras Rab Rho superfam-
ily of proteins. The plane projection of a multi-
ple sequence alignment of more than 150 se-
quences shows the three subfamilies (left) and, 
in the same projection, reveals specific residues 
(right). For example, Ras proteins and residues 
involved specifically in Ras function map to the 
extreme left in both plots. 
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residues are known experimentally, e.g., the switch II region 
of Ras p21 oncogene protein and the specific binding pocket 
of the phosphotyrosine-binding SH2 domains. Based on 
the new method testable predictions for sets of functional 
residues in SH2 domains and in the conserved box of cyclins 
have been presented. 

Fast and sensitive database searches 
on parallel computer platforms 

Database searches are a computational bottleneck in bioin-
formatics. As part of an ESPRIT project (EUROPORT2) we 
have implemented an extended version of a dynamic pro-
gramming algorithm on parallel multiple-instruction-multiple-
data (MIMD) computers, using message-passing for inter-
processor communication (PVM3). The software efficiently 
compares protein sequences or sequence profiles with a 
large database of protein sequences. Top-scoring hits in-
dicate biologically relevant similarities. All sequences sig-
nificantly similar to the query sequence are reported as 
an aligned family (multiple sequence alignment). An impor-
tant design goal was portability to a wide range of par-
allel machine architectures, ranging from heterogeneous, 
wide area networks of workstations up to massively par-
allel systems with distributed memory such as the Parsytec 
PowerGC, Meiko CS-2 and IBM SP2 systems. The speed 
of the database searches rivals that of the fastest known 
sequence-sequence search codes on single-instruction-
multiple-data (SIMD) machines. In the context of the EURO-
PORT2 project the software is already used in the area of 
computer aided drug design in the pharmaceutical industry 
and is used to produce ever-growing releases of the HSSP 
database. 

Structure analysis 

Three-dimensional structure comparison 
and database searches 

We have continued to maintain a database of all-against-all 
3D structure comparisons in a representative set of proteins 
which has doubled in size each year for the past two years 
(Holm & Sander, 1994). In addition, database searches 
for structural similarities have been performed on request 
with new structures solved both in house (e.g., PH domain, 
thiolase) and by crystallographers or NMR spectroscopists 
in Europe, North America and Japan. 

residues 
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PLATE 52 

Structure comparison can reveal interesting analogies of biochem-
ical mechanism as in the case of glycogen phosphorylase and 
j3-glucosyltransferase that turn out to use very similar molecular 
architecture to perform analogous chemical reactions on different 
substrates and cofactors. Dashed lines: polar interactions between 
substrates and protein (side chain or backbone); arrows: direction of 
the reaction in vivo; dark circles: phosphate groups; dark hexagons: 
glucose units. 

Pyridoxal-
phosphate 

J3-glucosyltransferase 

One of the most exciting results from such database 
searches was an unexpected similarity between glyco-
gen phosphorylase and the DNA modifying enzyme (3-
glucosyltransferase from phage T4, with interesting evolu-
tionary and functional implications (Holm & Sander, 1995). 
The entire structure of (3-glucosyltransferase is topograph-
ically equivalent to the catalytic core of the much larger 
glycogen phosphorylase. The match includes two domains 
in similar relative orientation and connecting helices, with 
a root-mean-square deviation of positions of only 2.1 A for 
220 C", atoms. Although not a single functional residue 
is conserved, major evidence for evolutionary relatedness 
comes from the fact that the structural alignment of the 
polypeptide chains of (3-glucosyltransferase and glycogen 
phosphorylase non-trivially leads to superimposition of the 
substrates (Plate 52). Discovery of additional structurally 
conserved members of the emerging glucosyltransferase 
superfamily derived from a common ancient evolutionary 
ancestor of the two enzymes is anticipated. 

Automatic definition of domain borders in 3D 

An automatic algorithm for identification of structural units by 
objective, quantitative criteria based on atomic interactions 
has been developed (Holm & Sander, 1994). The underlying 
physical concept is maximal interactions within each unit 
and minimal interaction between units (domains). Using a 
simple harmonic approximation, interdomain dynamics is 
determined by the strength of the interface and the distri-
bution of masses. The most likely domain decomposition 
involves units with the most correlated motion, or largest 

interdomain fluctuation time. The decomposition of a convo-
luted 3D structure is complicated by the possibility that the 
chain can cross over several times between units. Grouping 
the residues by solving an eigenvalue problem for the con-
tact matrix reduces the problem to a one-dimensional search 
for all reasonable trial bisections. Recursive bisection yields 
a tree of putative folding units. Simple physical criteria are 
used to identify units that could exist by themselves. The 
units so defined closely correspond to crystallographers' 
notion of structural domains. The domain decomposition is 
useful, e.g., in protein fold classification. 

Conservation and prediction of solvent 
accessibility in protein families 

Predicting three-dimensional (3D) protein structure alone 
from sequence in general is currently an insurmountable 
task. As an intermediate step, a much simpler task has 
been pursued extensively: prediction of a projection of 3D 
structure onto 1 D strings of secondary structure. The relative 
solvent accessibility of a residue is another 1 D projection of 
3D structure. It has been shown that solvent accessibility 
is less conserved in 3D families than secondary structure: 
the average correlation of relative solvent accessibility be-
tween 3D homologues is only 0.66. This value provides an 
effective practical upper limit for the accuracy of predicting 
accessibility from sequence. A neural network system has 
been introduced that predicts relative solvent accessibil-
ity (projected onto 10 discrete states) using evolutionary 
profiles of amino-acid substitutions derived from multiple 
sequence alignments (Rost & Sander, 1994). Evaluated in a 
cross-validation test on 126 unique proteins, the correlation 
between predicted and observed relative accessibility is 
0.54. For a ternary (buried, intermediate, exposed) descrip-
tion of relative accessibility the fraction of correctly predicted 
residue states is about 58%. In absolute terms, this accuracy 
may appear low, but given the relatively low conservation of 
accessibility in 3D families (correlation 0.66), the network 
system has not far from optimal performance. Prediction 
is best for buried residues, e.g. 86% of the completely 
buried sites are correctly predicted as having 0% relative 
accessibility. 

DeSign and modelling 

Experimental verification of predicted 
sequence determinants of Rab5 function 

Members of the Rab family of small GTPases are localized 
to distinct cellular compartments and function as specific 
regulators of vesicle transport between organelles. Overex-
pression of Rab5, which is associated with early endosomes 
and the plasma membranes, is known to increase the rate of 
endocytosis. Structural elements that might contribute to the 
definition of functional specificity of Rab5 had been identified 
from sequence alignments and molecular modeling (see 
1993 report). In collaboration with the Zerial group, the 
role of these elements was tested experimentally (Stenmark 
et al., 1994) by transplanting them onto Rab6, which is 
associated with the Golgi-complex. The chimeric proteins 
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were assayed for intracellular localization and stimulation 
of endocytosis. First, it was found that the C-terminus of 
Rab5 could target Rab6 to the plasma membrane and early 
endosomes but it did not confer Rab5-like stimulation of 
endocytosis. Further replacement of other regions revealed 
that the N-terminus, helix a2/100p 5 and helix a3/100p 7 were 
all required to functionally convert Rab6 to Rab5. Reciprocal 
hybrids of Rab5 containing these regions replaced with 
those of Rab6 were inactive, demonstrating that each region 
is essential for Rab5 function. These results indicated that 
distinct structural elements specify the localization, mem-
brane association and regulqtory function of Rab5. 

Correlation between the structure and 
biochemical activities of FtsA, an essential 
cell division protein of the actin family 

Using a novel sequence-pattern search method it was pro-
posed that the cell division protein FtsA belongs to the actin, 
Hsc70 and hexokinase family, whose members have an 
ATP binding site (see report of 1992). M. Vicente (Madrid) 
has now obtained experimental confirmation of the pre-
dicted phosphorylation and ATP binding sites (Sanchez et 
al., 1994). However, rescue mutant studies indicate that 
phosphorylation and ATP binding may not be essential for 
the function of FtsA in cell division but that they may have 
a regulatory role on the action of FtsA in the septator. 

Increased thermostability by surface redesign 

The contribution of surface loops to the thermal stability of 
Bacillus subtilis neutral protease has been studied using 
molecular modeling and protein engineering (Hardy et al., 
1994). Mutations have been designed to make the surface 
of Bacillus subtilis neutral protease more similar to the 
surface of more thermostable neutral proteases such as 
thermolysin. The most stable mutant has an increase in 
thermal stability of 1.10 C and has as much as 10% of the 
molecular surface area modified compared to the wild-type. 
Several variants of B.subtilis neutral protease carrying mul-
tiple mutations have been constructed. Non-additive effects 
on thermal stability have been observed and interpreted on 
the basis of a kinetic model for thermal inactivation that 
emphasizes the importance of local unfolding processes for 
thermal stability. 

Structural determinants of the P-Ioop 

The classical mononucleotide binding fold (CMBF) contains 
a triphosphate/Mg2+ binding site composed of two struc-
turally conserved stretches of residues, known as the Kinase 
1 and 2 motifs. The Kinase 1 motif is on a loop, called 
the "P-Ioop", between the first ,B-strand and the first a-helix 
of the protein. Factors determining the conformation of the 
P-Ioop have been investigated in collaboration with the 
Serrano group by engineering the Kinase 1 and 2 motifs into 
a protein that has the classical mononucleotide binding fold 
but no nucleotide binding activity by itself, the chemotactic 
protein CheY from E.coli. The crystal structure of the mutant 
has been solved by the group of M. Coil (Barcelona). The 
crystal structure revealed that the transplanted P-Ioop is in 
a different conformation than found in the CMBF (Cronet et 
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al., 1995). This demonstrates that the native conformation 
of the P-Ioop requires external interactions with the rest 
of the· protein. Based on an analysis of the conserved 
tertiary contacts of the P-Ioop in the mononucleotide binding 
superfamily, a set of residues that could play an important 
role in the acquisition of the active structure of the P-Ioop 
has been proposed. 

Rop redesign 

The small bacterial protein Rop had been redesigned by 
altering the topology of loop connections and turning a dimer 
into a monomer. At intermediate crystallographic resolution, 
the LmRop monomer structure shows interesting deviations 
from the idealized model. 

De novo design of (,Ba)a barrel 

In the previous annual report the de novo design of a 
very regular TIM-barrel, called RoRo, was reported. This 
molecule has been fully characterized using CD, NMR and 
mass spectrometry. The design was more successful than 
previous attempts. Although, like all other de novo designs 
to date, it did not form a well folded globular protein, the 
molten globule character was much less pronounced than 
in previous deSigns. The protein also is very thermostable. 
It has the designed content of a-helix, but not enough 
,B-strands. Unfortunately, it oligomerizes at higher concen-
tration which precludes a rigorous NMR study. The mass 
spectrometer group at EMBL helped us verify the sequence 
of the molecule. They also helped us find the conditions 
under which degradation would not take place. There is still 
a long path to go in de novo protein design, but RoRo is a 
step in the right direction. 

EMBO workshop: "Protein design on computers" 

What is the current state of the art in protein design? This 
question was approached in a two-week protein design 
workshop sponsored by EMBO and held at EMBL, Hei-
delberg. The goals were to test available design tools and 
to explore new design strategies. Five novel proteins were 
designed: 

Silky 
Aria 

Asterics 

a heterodimer from a homotetramer (Plate 53) 
transfer of amylase inhibitor function to an 
immunoglobulin domain 
lysozyme: asymmetry through electrostatic 
redesign in core structures 

Crococage a protein designed to bind cholesterol 
Shpilka an idealized ,B-barrel 
shpilkovich 

The designs are placed in the public domain for scrutiny, 
improvement and possible experimental verification. 

Spectrin domains 

Structure determination by NMR of the solution conforma-
tion of the repeat units of the cytoskeletal protein spectrin 
is being carried out in collaboration with the Saraste and 
Pastore groups. 



Software and databases 

Software and derived protein data are made available to the 
scientific community. Most of these can be obtained through 
the EMBL file server (Netserv@Embl-Heidelberg.De) and 
via anonymous ftp (ftp.embl-heidelberg.de) from the directo-
ries /pub/databases/protein_extras and /pub/software/unix. 
The services can also be accessed from the group's home 
page on the World Wide Web (URL http://www.sander.embl-
heidelberg .de/). 

7TM 

BIOTECH 

DSSP 

HSSP 

FSSP 

MAXSPROUT 

MISFOLDED 

MODULES 

Database of G protein-coupled 
recepIDrs (GPCR) 
Server for protein 
structure validation 
Database of protein 
secondary structures 
Database of structural families 
based on sequence comparison 
Database of structural families 
based on 3D comparison 
Program for automatic model 
building from a Ca-trace and 
Monte Carlo side-chain optimization 
Database of deliberately 
misfolded models for 
testing potentials 
Picture base of colorful 
views of the most abundant 
protein modules 

PDB_SELECT Dataset of representative 
protein structures 

PDBFINDER Database of summary infor-
mation on known 3D structures 

PREDICT_PROTEIN Server for secondary 

PLATE 53 

structure and accessibility prediction 
from sequence using neural networks 
and evolutionary profiles 

Silky, a newly designed protein from ProDes94, the EMBO work-
shop "Protein Design on Computers" held at EMBL-Heidelberg in 
November 1994. 

PROPSEARCH Server for compositional 
search of sequence databases 

PROTQUIZ Program for unified protein 1 D-3D 
views under X-Windows 

RAS Database of multiple alignments, 
classification and updates 
of the Ras superfamily 

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

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

Systems for comparison, prediction and modeling 

Scanning the Protein Data Bank for structural similarities 

Service for those with a new protein structure. For a new 
protein structure, a scan of the Protein Data Bank is per-
formed on request, using the SUPPOS, DALI, or COMP3D 
algorithms. Send Ca coordinates by electronic mail to Holm, 
Sander or Vriend. A list of protein structures similar in 3D to 
the input structure will be returned. 

Protein secondary structure prediction 

Service for those with a new protein sequence. The better-
than-70% (3 states) secondary structure prediction method 
for protein sequence families is available to academic re-
searchers via Internet, with the support of the Computer 
Group. Researchers can send their new protein sequence to 
PredictProtein@Embl-Heidelberg.de by electronic mail and, 
if homologues exist, obtain a multiple sequence alignment 
(MAXHOM) and a secondary structure prediction (PHD); 
or go to http://www.sander.embl-heidelberg/phd/ using a 
WWW viewer such as Mosaic. During its first two years 
of operation, the server has handled more than 20,000 
requests, or about 50 per day. 

The molecular modeling expert system WHAT IF 

Work on the molecular modeling and protein structure anal-
ysis program WHAT IF continued in 1994. The program is 
now available on all major computers at EMBL-Heidelberg. 
The graphical interface has been converted to the X Window 
System (X11), allowing viewing on most graphics screens 
and Mac PC's. The dramatic improvements in network 
speed between EMBL-Heidelberg and the outside world was 
put to good use. About 25% of the WHAT IF distributions are 
now done via FTP. A completely automatic, machine inde-
pendent script was written for this purpose. About 300 labo-
ratories world wide now have access to WHAT IF. About half 
of these are in regular contact with us about the program. 
Five external groups contribute code or external modules on 
a regular basis. During the year, several application courses 
have been given, which attracted about 30 participants both 
from EMBL and elsewhere. Many new options were added 
to the program, most of these in response to questions 
from colleagues at EMBL. The spread sheet for molecular 
information has been extended; extensive statistics about 
database hits can now be obtained; the molecular graphics 
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parts have been improved; and manipulation of DNA is now 
also possible. An analysis tool specific to G-protein coupled 
receptors was written as a prototype for advanced, class 
specific modeling and heterogeneous data handling. The 
difference in efforts needed to determine a protein structure 
or a protein sequence lead to an ever increasing demand 
for high quality model building. Therefore, much effort was 
put into the improvement of modelling by homology. Several 
new techniques were developed (Filippis et al., 1994; Vriend 
et al., 1994) to improve the quality of models based on 
high homology with known structures. A workshop for the 
critical assessment of proteiD models highlighted needs for 
key improvements which we hope to address in 1995. 

Hydrogen bonds are an integral part of protein structures, 
and form one of the major terms in their folding and stability. 
Hydrogen networks in proteins, however, are often rather 
complicated and in many cases excessively complicated. 
This complexity is further enhanced by the fact that X-
ray crystallography cannot discriminate between, e.g., the 
sidechain Nand 0 atoms of Asp and Glu, nor can it 
determine the orientation of the His ring. A module has 
been added to WHAT IF to determine the optimal hydrogen 
bonding network in a protein. This method includes "flipping" 
of the side chains of Asp, Glu and His. To our surprise we 
only found 17 proteins among all PDB files where these 
three residues always had the optimal orientation. 

BIOTECH validation server 

In collaboration with our partners in a joint project among six 
European groups a so-called validation server for protein 
models was created. This server allows crystallographers 
inside and outside EMBL to send their structures to us, and 
have them checked for evidence of possible errors. 

Other projects and collaborations 

EMBnet - Network for molecular biology in Europe. With 
the Data Library Group at EMBL-Heidelberg and EMBL-EBI, 
Cecilia Saccone, Bari, and EMBnet nodes in the EMBL 
member countries. Assistance to creation of EMBnet-like 
services in China. 

Sequence analysis and database searches of newly se-
quenced proteins. With groups at EMBL-Heidelberg and 
elsewhere. 

Development of integrated protein databases and database 
validation tools. With groups of J. Thornton (London), S. 
Wodak (Bruxelles), C. Rawlings (London), P. Gray (Ab-
erdeen), R. Kaptein (Utrecht), K. Wilson (Hamburg), E. 
Dodson (York), A. Bairoch (Geneva). 

Development of a data capture program and extended data 
format (CIF) for protein 3D structure data. With groups of 
P. Bourne (Columbia), D. Stampff (Brookhaven), P. Murray-
Rust (Glaxo) and P. Fitzgerald (NJ-USA). 

Crystal structure of engineered Rop protein variants. With 
D.Tsernoglou and P.Tucker, EMBL-Heidelberg and the 
group of H.Blocker, GBF, Braunschweig. 
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Application of neural networks to protein-cofactor interac-
tion. With M.Linschoten, Duphar BV Weesp, The Nether-
lands. 

Structure-function relations of proteases. With D.Hendriks, 
UIA, Antwerpen, Belgium. 

Unfolding of surface loops. With R. Wade, EMBL-Heidelberg 
and H.Berendsen in Groningen, The Netherlands. 

Modeling homeodomain-DNA interactions. With H.R. 
Schoeler, EMBL-Heidelberg. 

Building of 3D protein models by homology. With several 
groups at EMBL-Heidelberg. 

Modeling G-protein coupled receptors. With L. Oliveira, Sao 
Paulo, Brazil. 

Database design for G-protein coupled receptors. With K. 
Aberer, Darmstadt, Germany, F. Rippman, Merck, Darm-
stadt, Germany and G. Klebe, BASF, Ludwigshafen, Ger-
many. 

Threading: protein structure prediction based on evaluation 
of sequence-structure fitness. With H. Floeckner and M. 
Sippi, Salzburg, Austria. 

Comprehensive sequence analysis of yeast chromosome 
XI. With B. Dujon (chromosome coordinator) and W. Mewes 
(information coordinator). 

Sequence analysis of yeast chromosomes IX and xv. With 
H. Voss and W. Ansorge, EMBL-Heidelberg. 

DnaK. With B. Bukau, 2MBH, Heidelberg. 

Ras and Rab proteins. With A. Witting hofer, MPI Dortmund 
and M. Zerial, EMBL-Heidelberg. 

The biochemical role of FtsA in the bacterial cell cycle. With 
M. Vicente, CIB-CSIC, Madrid. 

Prediction of transmembrane segments by neural networks. 
With R. Casadio and P. Fariselli, University of Bologna, 
Italy. 

Rapid identification of proteins from amino-acid analysis is 
data. With T. Houthaeve and M. Mann, EMBL. 

Production and analysis of de novo designed protein 
RoRo. With groups of H.Fritz, Gottingen, and F.X.Schmid, 
Bayreuth. 
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Sequence and structure analysis of proteins and genes 

Group leader: P. Argos 

Scientists, Assistants: R. Abagyan*, T. Etzold, J. Heringa, G. Vogt 
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A. Ulyanov*, G. Verde*, D. Walther 

Visitors: C. Daffner*, F. Imperiale*, F. Milpetz*, G. Schaefer, M. Totrov* 

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 1994 are 
described within this wider framework. 

Sequence analysis 

Optimal alignment of protein sequences 

The sensitivity of most protein sequence alignment methods 
depends strongly on the quality of the comparison matrices 
used. These matrices which assign weights or similarity 
scores to every possible amino-acid substitution pair are 

utilized to differentiate amongst the various possible align-
ments of two or more sequences. There are many ways 
to generate these exchange weights and new matrices 
are constantly published. There has been no overall as-
sessment of these various matrices when applied in dif-
ferent alignment techniques and over many protein folds 
and families, both close and distant and with the use of 
several gap penalty values. A set of amino-acid sequences 
matched by superposition of known protein tertiary topolo-
gies was used to test the alignment accuracy of the differ-
ent method/matrix/penalty score combinations. The compar-
isons showed relatively similar results for the top scoring 
matrices, a preference for the global alignment methods 
of Needleman and Wunsch, and the importance of matrix 
modification and optimized gap penalties. The relationship 
(Plate 54) between the percentage identity in a resulting 
alignment and the level of correctness to be expected have 
been determined for the top-performing exchange weight 
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PLATE 54 

A plot of the percent of identical 
residues matched in aligning two 
sequences relative to the shortest 
sequences versus the percentage 
of residues aligned by structural 
superposition that agreed with the 
former matches. Each point corre-
sponds to an aligned sequence pair. 
The residue exchange weight matrix 
used was based on that of Gonnet 
and the alignment procedure corre-
sponded to that of Needleman and 
Wunsch. Gap penalties were opti-
mized for the data shown. 
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matrix, resulting in a better definition of the so-called "twilight 
zone". Estimates were also made for the probability that two 
sequences, aligned at a certain level of residue percentage 
identity, are in fact unrelated (Plate 55). 

High speed motif searches 

A sensitive technique to recognize distantly related protein 
sequences has been implemented on a DEC massively par-
allel computer (MASPAR). The method relies on finding con-
served subsequence regions (motifs) in multiple sequence 
alignments, training neural nets to recognize them, and 
then searching all segments in large databases of protein 
sequences to which the nets respond well. The net/motif 
search has several advantages over other present-day tech-
niques: the sensitivity of neural nets, independence of dele-
tions and insertions as well as gap penalties, and concen-
tration on the most conserved subsegments for searching 
and scoring. Use of the parallel processors provides ready 
access to the comparison results as well as quick response. 

Handling large biological databases 

In the 1993 Research Report, a program system (SRS) 
was described that allowed interactive simultaneous re-
trieval of information from several large molecular biological 
databases such as the EMBL and SWISSPROT nucleotide 
and amino-acid sequence databases. SRS is now available 
in a World Wide Web version (SRSWWW) and will soon be 
ready for remote log-in (XSRS). Desktop computers, modem 
workstations and X-terminals, all operating under various 
systems, can be used for SRS applications. 

The World Wide Web (WWW) initiative started at CERN in 
Geneva. It uses a new protocol (HTIP) that allows any user 
on the Internet network to connect to a server at another 
computer site for utilization of in situ software, including now 
SRSWWW. Since WWW allows use of combined text and 
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pictures, all SRS options are available for linked database 
searches of specific information (name, author, etc.). The 
hypertext link feature of WWW is of particular significance 
for the SRS user who needs only to "click" through a 
mouse device at highlighted text to browse amongst var-
ious information sets and databases linked by the key 
word(s) (e.g., cross references, sequence feature, author, 
function name, tertiary structure). Information-linked data-
banks can be simultaneously reached despite lack of explicit 
cross-referencing through unique SRS features. Since all 
database pairs are connected indirectly through paths of 
directly referenced databases, a network of nearly all avail-
able molecular biological databanks can be constructed. 
SRSWWW allows information retrieval from more than 40 
databases including MEDLINE and the EU literature collec-
tion. Every SRSWWW server, reliant on HASSLE facilities, 
are the first in biology to maintain states such that all 
queries and entry selections are stored in a temporary file 
allowing user re-inspection. The SRSWWW servers to which 
users can connect now include: EMBL (Heidelberg); EBI 
(Cambridge); Weizmann Institute (Rehovot); Skirballnstitute 
(New York); and the EMBnet nodes in Switzerland, Belgium, 
Netherlands, France, Norway, Sweden, and Hungary. 

The XSRS version will be accessible by log-in to any of 
the following HASSLE facilitated servers: European Molec-
ular Biology Laboratory (EMBL), European Bioinformatics 
Institute (EBI), and the Universities of Basel and Genoa. 
XSRS utilizes a WIMP portable graphical user interface and 
is based on a window library (SUIT) that is independent of 
the operating system. SUIT acts as a manager for screen 
objects such as buttons, scroll bars and menus. XSRS 
shows a menu bar with all principal commands collected 
in 5 buttons: General (exit, save, list libraries); Show (list 
queries and entries, display data); Query (specify search 
information); Library Groups (databases available); Link (si-
multaneous search of linked libraries); Help; and Select 
Fields (for display). 



Principles of protein folding and stability 

Bent (3 -strands 

(3-strands as constituents of (3-pleated sheets in protein 
tertiary structures often display considerable distortion from 
a purely extended conformation. The dislocation types are 
often characterized as "bulging", "twisting" and "bending". 
The former 2 properties have been extensively studied and 
classified. An investigation of bent (3-structures was un-
dertaken. The structural characteristics examined included 
the bending angles within and out of the principal strand 
plane, their distribution among various strand types such 
as parallel and antiparallel, the amino-acid preferences at 
bend sites, and the usage of charged and polar residues for 
stabilization through interactive anchoring with other atoms 
of the (3-sheet within which the bent strand lies. The findings 
should prove useful in the engineering and design of protein 
structures. 

Optimizing cavity definitions in protein structure 

A study of internal cavities in five protein structure groups, 
each containing different crystallographic structure deter-
minations of the same protein, was made to understand 
better the nature of packing defects in protein tertiary archi-
tectures. The intramolecular cavities within the five groups 
were determined with a range of probe sizes to determine 
the optimal size for a consistent definition of cavities. The 
results show that cavity detection and its consistency is 
highly dependent on probe and cavity size, cavity position 
within the globular protein, cavity surface polarity, and the 
local "quality" (RMSD) of structural consistency within the 
group. The consistency of solvent placement within cavities 
was also examined. Guidelines were found for estimating 
the likelihood of a given cavity to be transient or an actual 
packing defect. The optimal probe size had a radius of 
1.30 A. The results had various implications for the expected 
accuracy of X-ray crystallographic structure determinations 
as well as estimations of thermodynamic parameters to 
characterize their structural stability. 

interdomain and intersubunit cavities 

The analysis of cavities (packing defects) in protein ter-
tiary structures described in the 1993 Research Report has 
continued. Results obtained for a dataset of single protein 
subunits have been integrated with those from a full study 
on multidomain and multisubunit proteins. Many features are 
common to cavities of all types (intradomain, interdomain 
and intersubunit), including the increased polar surface and 
size of water-containing cavities. Surprisingly cavity-defining 
atoms are observed to be more rigid than their environments 
as measured by their crystallographic temperature factors. 

The different cavity types also exhibit different properties. 
On average, intersubunit cavities are larger than interdo-
main cavities, which in turn are larger than intradomain. 
The quality of packing, as measured by the fraction of 
cavity surface at a given interface or reference surface, 
is weaker between domains and subunits when compared 
to intradomain packing. To compensate, a higher fraction 

of interacavites are solvated. This implies that for protein 
molecular docking simulations, solvent should be explicitly 
modelled. 

Concerning functionality, a higher fraction of cavities are 
observed at domain-domain interfaces where motion of one 
domain relative to the other is concerned with function 
and the displacement involves a "shear" or translational 
movement as compared to a hinge-like motion. Work is 
underway with an expanded data set to establish whether 
cavities are really necessary to facilitate such motions. 

Principles of helix-helix association 

The geometry of helix-helix packing in globular proteins has 
been defined within the framework of the superposition of 
two helix lattices which result from unrolling the helix cylinder 
onto a plane containing points representing each residue. 
The requirements for the helix geometry (the radius R, the 
twist angle wand the rise per residue under optimal 
match of their lattices were analysed through a detailed and 
consistent mathematical model which allows a consideration 
of all possible helix pair associations. The corresponding 
equations had only three well separated solutions for the 
interhelical packing angle, n, as a function of the helix ge-
ometric parameters. The resulting functional relations also 
showed unexpected behaviour. For a typically observed 
helix (w=99.0° A), the three possible packing angles 
were na b c=-37.1 0, -97.4° and +22.00with a periodicity of 
180° and helix radii Ra,b,c=3.0 A, 3.4 A and 4.2 A. 
However, the resulting radii were very sensitive to variations 
in the twist angle w. At Wtriple=96.9°, all three solutions 
yield identicial radii at A where Rtriple=3.46 A and 
nl ,2,3=+27.8°, -21.1 ° and -92.1 0. This radius is close to that 
of a polyAla helix and wtriple close to the mean observed 
twist angle. Besides these perfect matches, novel subop-
timal packing and various "knobs into holes" hydrophobic 
packing patterns as a function of the helix radius were also 
predicted. 

An analysis of the experimentally observed packings in 
protein tertiary structures confirmed the conclusions of the 
theoretical model. A detailed analysis was also effected 
for the utilized packing cell lined by sidechains from one 
helix and into which a sidechain from the other helix is fit. 
The packing of amino-acids is more appropriately described 
by a "knobs into holes" scheme rather than "ridges into 
grooves". The mean amino-acid composition of packing 
sites of helices associated with a packing angle near -
40° 1+ 140° closest resembles the mean composition of an 
average helix, thus explaining the observed preferene for 
that packing angle. The various specific packing modes and 
use of residue types made salient by the model should be 
useful in protein engineering and design. 

Prediction of protein structure 

Prediction of membrane protein topology 

A new method was developed to predict membrane protein 
topology (intra- and extracellular sidedness) from multiply 
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aligned amino-acid sequences after determination of the 
membrane-spanning sequence segments. In the 1993 Re-
search Report, a technique was described for predicting 
these latter spans. The sided ness method relies on residue 
compositional differences in the protein segments exposed 
at each side of the membrane. Intra/extracellular ratios 
are calculated for the residue types Asn, Asp, Gly, Phe, 
Pro, Trp, Tyr, and Val, preferably found on the extracel-
lular side; and for Ala, Arg, Cys, and Lys, mostly occur-
ring on the intracellular side. The consensus over these 
12 residue distributions is used for sided ness prediction. 
The optimal amino-acid tc use as well as various 
thresholds were extracted from sequences of proteins with 
experimentally indicated topology. All but one family were 
correctly predicted with the new algorithm. This represents 
an improvement over predictions based on the widely used 
"positive-inside rule", where six mispredictions were ob-
served for the same data set. The method has been applied 
to a large set of membrane protein families different from 
the test set and for which the topology has yet to be 
determined. 

Protein secondary structure prediction 
from multiple sequence alignments 

To improve secondary structure predictions in protein se-
quences, the information residing in multiple sequence 
alignments of substituted but structurally related proteins 
has been exploited. A database, comprised by 70 protein 
families and a total of 2500 sequences some of which 
were aligned by tertiary structural superpositions, was used 
to calculate residue exchange weight matrices within a-
helical, ,a-strand, and coil substructures respectively. Sec-
ondary structure predictions were made based on the ob-
served residue substitutions in local regions of the mul-
tiple alignments and the largest possible associated ex-
change weights in each of the three matrix types. Com-
parison of the observed and predicted secondary struc-
ture on a per residue basis yielded a mean accuracy of 
72.2%. Individual a-helix, ,a-strand and coil states were 
respectively predicted at 66.4, 66.7, and 75.8% correct-
ness, representing a well balanced three-state prediction. 
The accuracy level, verified by cross-validation through 
jack-knife tests on all protein families, dropped on aver-
age by only 1.3%, indicating the rigor of the prediction 
procedure. On the basis of robustness, conceptual clar-
ity, accuracy, and executable efficiency, the method has 
considerable advantages, especially with its sole reliance 
on amino-acid substitutions within structurally related pro-
teins. 

The prediction methods have also been made eas-
ily accessible via electronic mail (SSPRED@EMBL-
HEIDELBERG.DE with HELP as message) and World 
Wide Web (http://www.embl-heidelberg.de/sspred/sspred-
info.html). A prediction service has also been installed 
so that a single query sequence can be submitted. It is 
searched automatically against a large database for related 
sequences which are multiply aligned and submitted to 
the secondary structure prediction program. All results are 
returned to the user via electronic mail. 
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Folding proteins from the sequence 
alone with the genetic algorithm 

In the 1993 Research Report, a method was described 
for grid-free protein folding simulations of the mainchain 
topology using the genetic algorithm, a backbone represen-
tation, seven standard dihedral angular conformations, and 
an input protein sequence from which secondary structure 
predictions were effected. The proper mainchain trace was 
predicted for several proteins up to about 150 amino-acids in 
length and consisting mainly of a-helical structure. The most 
significant forces proved to be simple; namely, hydrophobic 
interactions in the protein core and globularity of the folded 
protein shape. The method has now been extended to 
proteins consisting of mixed helix/strand structure as well 
as mostly extended structure by addition of hydrogen bond 
fitness criteria based on the formation of ,a-sheets. The 
C", atom positions were predicted to within 4-5 A of those 
known for crambin, defensin, muconolactin isomerase, and 
domain B1 of protein G. 

Protein modelling and energy simulations 

Rapid calculation of a protein's 
solvent accessible surface 

Surface calculations of protein tertiary structures are im-
portant for the determination of the conformational (sol-
vation) energy and in docking procedures and graphical 
applications, all requiring a computationally fast and flexible 
method. The double cubic lattice method (DCLM) was de-
veloped as an accurate and rapid approach for computing 
numerically molecular surface areas (such as the solvent 
accessible or van der Waals surface) and the volume and 
compactness of molecular assemblies and for generating 
dot surfaces. The algorithm has few memory requirements 
and can be easily implemented. The computation speed is 
extremely high, making interactive calculation of surfaces, 
volumes, and dot surfaces for systems of 1000 and more 
atoms possible on single-processor workstations. The algo-
rithm can be easily parallelized. The application of two cubic 
lattices, one for grouping neighboring atomic centers and 
the other for grouping neighboring surface dots of an atom, 
results in a drastic reduction of central processing unit time 
consumption by avoiding redundant distance checks. For 
instance, the calculation of the solvent accessible surface 
area of the crystal conformation of bovine pancreatic trypsin 
inhibitor (454 nonhydrogen atoms) takes less than 1 second 
on a single R3000 processor of an SGI 4D/480 (about 5 
MFLOP). The DCLM does not depend on the spherical 
point distribution applied. Its speed has been compared 
to the fastest techniques known and found to be superior, 
especially when also taking into account the small memory 
requirement and the flexibility of the algorithm. 

Recognition of distantly related proteins 
through energy calculations and threading 

A new method to detect remote relationships between 
protein sequences and known three-dimensional structures 



based on direct energy calculations and without reliance on 
statistics has been developed. The likelihood of a residue 
to occupy a given position on the mainchain structural 
template was represented by an estimate of the stabilization 
free energy made after explicit prediction of the substi-
tuted side-chain conformation The profile matrix derived 
from these energy values and modified by increasing the 
residue self-exchange values successfully predicted com-
patibility of heat-shock protein and globin sequences with 
the three-dimensional structures of actin and phycocyanin, 
respectively, from a full protein sequence databank search. 
The high sensitivity of the method makes it a unique tool for 
predicting a three-dimensional fold for the rapidly growing 
number of protein sequences. 

Prediction of an antigen-antibody complex 

The fundamental event in biological assembly is association 
of two biological macromolecules. A successful accurate ab 
initio prediction of the binding of uncomplexed lysozyme 
to the HyHel5 antibody was made. The prediction com-
bined pseudo Brownian Monte Carlo minimization with a 
biased-probability global side-chain placement procedure. It 
was effected in an all-atom representation, with ECEPP/2 
potentials complemented with the surface energy, side-
chain entropy and electrostatic polarization free energy. 
The near-native solution found was surprisingly close to 
the crystallographic structure (root-mean-square deviation 
of 1.57 A for all backbone atoms of lysozyme) and had a 
considerably lower energy (by 20 kcal mor1) than any other 
solution. 

Parallelization of molecular mechanics calculations 

An efficient algorithm for parallelization of a molecular me-
chanics program (ICM, see 1993 Research Report) oper-
ating in the space of internal coordinates such as dihedral 
angles, bond angles, and bond lengths has been effected. 
The iterative procedure to calculate analytical energy deriva-
tives with respect to the internal coordinates was modified 
to allow parallelization. Computationally, intensive modules 
that calculate energy and its derivatives, solvent-accessible 
surface, and electrostatic polarization energy and that up-
date lists of interactions were parallelized with nearly 100% 
efficiency. The proposed strategy for the shared-memory 
computer architecture is easily scalable and requires mini-
mum changes in the program code. The overall speedup for 
a realistic calculation minimizing the energy of a myoglobin 
reaches a factor of 3 for 4 processors. 

Adsorption of proteins onto charged surfaces 

A computer model for the simulation of protein adsorption 
onto charged surfaces was developed. Such adsorption is 
primarily influenced by several factors which include the 
hydrophobic effect, the protein's charge distribution, rear-
rangements in its structure, and the characteristics of the 
solution surrounding it. The model is based on the concept 
of an electric double layer while the hydrophobic effect is 
not yet included. The effect of an electrolyte is included 
through the use of explicit ions but water is treated at 
the continuum level. In the simulation, a rigid protein in a 

box is placed at several distances from a planar surface 
carrying uniform charge density. The effect of ions outside 
the box is incorporated by so-called "virtual planes" which 
have a uniform charge density opposite in sign to that 
of the adsorbing surface and allow modelling of the ionic 
asymmetric distribution. Physical properties are calculated 
by a Monte Carlo scheme and thermodynamic integration 
is used to calculate the absorption free energy. The most 
probable orientation of the protein relative to the surface 
is determined from the ensemble of states generated by 
the Monte Carlo procedure. This type of simulation imparts 
insight into the effects on adsorption upon alteration of the 
protein's charge distribution. The simulations are important 
for understanding enzymic processes and ligand/receptor 
characteristics as well as for suggesting protein engineer-
ing through side-chain mutagenesis to produce a desired 
property. The protein cutinase and 15 mutants were used 
as a test case. A general correlation between the overall 
electric moment and the adsorption free energy was found 
for the variants but not the wild-type, indicating further 
natural refinement. A similar result was also observed for 
PH-domains. Future efforts will concentrate on the inclusion 
of polarization, atomic surface detail, and the hydrophobic 
effect through the use of explicit waters or a simple but 
effective potential. 
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Molecular modelling, simulation and design 

Group leader: R. Wade 

Fellows: E. Demchuk*, R. Gabdoulline*, V. Helms, V. Lounnas*, F. Nardi*, A. Ramirez Ortiz 

Visitors: F. Achard*, M. Degel'\l1ardt*, C. Lecuyer*, V. Sobolev* 

The main focus of this research group is the study of 
biomolecular interactions using computational techniques. 
Modelling and simulation can provide a microscopic pic-
ture of events that may be difficult to investigate experi-
mentally 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 muta-
tions to produce desired ligand-receptor interactions. Our 

studies are mostly directed at the development and ap-
plication of techniques for studying protein-ligand interac-
tions. 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. A 
summary of the tools under development in the group is 
given in Table 2. Some of these, along with applications, 
are described below. 

Table 2 

Task Program Application Collaborators 

Analysis of molecular SIM2MIN Neutral protease G. Worth 
dynamics trajectories, loop unfolding (Univ. Heidelberg) 
particularly of loop motions 

Parallel calculation of free PARTI Cytochrome P450- T.P. Straatsma 
energies by multi-configuration ligand interactions (Houston) 
thermodynamic integration with 
molecular dynamics simulations 

Simulation of protein loop UHBD Triose phosphate J. McCammon et a/. 
motion for long times (rv /Lsec) isomerase, lipase (San Diego) 
and protein-ligand encounter activation O. Olsen & G. Peters 
by Brownian dynamics (Copenhagen) 

Derivation of QSARs based on COMBINE Phospholipase F. Gago 
ligand-receptor 3D receptor A2 inhibitors (Madrid) 
using molecular mechanics 
and statistical methods 

Fast docking of ligands into LlGIN Cytochrome P450- V. Sobolev 
protein binding sites by ligand interactions (Weizmann Inst.) 
optimization of a G. Vriend (EMBL) 
complementarity function 

Prediction of hydration sites on NN2WAT M. Reczko 
proteins using neural networks NN3WAT (DKFZ, Heidelberg) 

H. Bohr (Copenhagen) 
& P. Wolynes (Illinois) 

Quantitative comparison of ESIP Receptor binding H. Oschkinat, 
protein electrostatic potentials properties of T. MOiler (EMBL) & 

4-helix bundle W. Sebald (WOrzburg) 
growth factors 
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PLATE 56 

Self-similarity indices showing the symmetry of the electrostatic 
potentials around the binding faces of two cytokines. (1 indicates 
identity, 0 no similarity). The human growth hormone (hGH) poten-

>< 
Q) 

"0 ..s 
c 
'C 

0:1 

] 
en 

I 
0.75 
0.5 

0.25 

360 
315 

270 
225 

180 
135 

90 o 45 45 
90 135 180 225 0 

270 315 360 

Protein-ligand interactions 

Derivation of quantitative structure activity 
relationships (QSARs) using the three-dimensional 
structures of receptor-ligand complexes 

We have developed a new procedure, which we call 
comparative binding energy (COMBINE) analysis, for de-
ducing QSARs using structural data from ligand-receptor 
complexes. The ligand-macromolecule interaction energy 
is first computed by molecular mechanics calculations. 
Then, by selecting and scaling components of the ligand-
macromolecule interaction energy that show good predictive 
ability, a regression equation is obtained in which activity 
is correlated with the interaction energies between parts 
of the ligand and key residues of the receptor. This has 
been applied to the interaction of a series of inhibitors with 
human synovial fluid phospholipase A2. A highly predictive 
QSAR is obtained and the method provides insight into the 
mechanism of enzyme inhibition. The COMBINE procedure 
has been compared with established methods of deriving 
QSARs that do not use structural information about the 
target macromolecule, and found to give better prediction. 
COMBINE analysis should prove useful for the rational de-
sign of proteins and artificial receptors in addition to drugs. 

Quantitative comparison of macromolecular 
electrostatic potentials 

The electrostatic potential of a protein is a major descrip-
tor of its intermolecular interaction capabilities. Molecular 
electrostatic potentials can be compared quantitatively by 
calculating a similarity index (Carbo & Domingo, 1987). This 
has previously only been calculated for small molecules. 
We have found that, with appropriate adaptation, similarity 
indices can also be calculated for proteins. As an example, 
we studied a family of four-helix-bundle cytokines and their 
receptors. The electrostatic potential similarity indices (see 
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Plate 56) enabled the symmetry of their binding faces to 
be assessed and this provided an important indicator of 
whether the cytokine receptors are homodimeric or hetero-
oligomeric (Demchuk et a/., 1994). Our analysis supports a 
hetero-oligomeric model of the interleukin-4 receptor and 
suggests a possible new binding mode for granulocyte-
colony stimulating factor (G-CSF). 

The electrostatic potential of a protein is dependent on the 
ionization states of the titratable residues. These can be 
predicted using a continuum dielectric approach based on 
the 3D-structure of the molecule. However the accuracy of 
predictions is still the subject of investigation (Antiosiewicz 
et a/., 1994). We have found that it can be significantly 
improved by applying different dielectric models in pK a 
calculations of solvent exposed and buried residues. This 
is especially useful for big proteins. We used the method to 
calculate pK as for triose phosphate isomerase (TIM), an en-
zyme studied crystallographically at EMBL in the Wierenga 
group. Our modified method resulted in good agreement 
with experiment. Electrostatic potentials calculated for TIM 
are being used in Brownian dynamics simulations of sub-
strate diffusion to the active sites (Wade et a/., 1994) and 
calculations of electrostatic binding energies between the 
monomers of this dimeric enzyme to examine its stability. 

EnergetiCS of water-mediated 
ligand-protein interactions 

Water plays a fundamental role in the interactions of proteins 
with their ligands which is not always understood and quan-
tified. Water molecules are adaptable liganding partners and 
are able to fill empty space, bridge hydrogen bonds, mod-
ulate the binding specificity of the protein and contribute to 
its function. Cytochrome P450-cam is a well-characterized 
test system for studying the role of water in ligand-protein 
interactions. It has an active site that is completely inter-
nalized in the protein and binding of substrate is thought 



to be entropically driven by the displacement of water from 
this site. We have calculated free energies of hydration of 
two cavities large enough to accommodate at least one 
water molecule that remain in the active site in the presence 
of ligands with a molecular dynamics simulation method. 
One of these contains a crystallographically observed wa-
ter molecule bridging protein-inhibitor interactions, and its 
hydration is calculated to be favourable. The other is a 
cavity present in the active site when the natural substrate, 
camphor, binds. This cavity was previously proposed to be 
hydrated (Wade, 1990). Molecular dynamics free energy 
calculations show that, consistent with the crystal structure, 
it is unfavourable for this to be hydrated and thus this 
empty cavity can be tolerated by the enzyme and may be 
important in facilitating substrate access to the active site. 

Design of enzyme substrates and inhibitors 

The occupation of the cavity considered above at the 
camphor-cytochrome P450 interface by camphor analogues 
containing a hydrophobic moiety designed to fill the cavity 
was anticipated to produce compounds with greater affinity 
for the protein than the native substrate. Such compounds 
have been synthesized (E. Gill, Oxford) and assayed (E. De-
prez & G. Hui Bon Hoa, Paris; C. Jung, Berlin). Compounds 
that bind better than camphor and have different effects 
on the enzyme's spin properties have been obtained and 
analyzed by molecular dynamics simulation (see Plate 57). 
These compounds are now being used as probes in exper-
iments to examine the enzyme mechanism. 

Protein structure, stability and folding 

Modelling of the Abl-SH3 domain 

The Abl-SH3 domain was modelled by homology (Pisabarro 
et al., 1994a) (the crystal structure was later solved in 
the Saraste group) and this model provided a starting 
point for studies continued in the Serrano group involving 
modelling the interactions of this domain with proline-rich 
peptides (Pisabarro et al., 1994b), the design of peptides to 
bind with higher affinity and their experimental characteriza-
tion. 

Structured peptides in aqueous solution 

Certain short peptides from the sequence of bovine pan-
creatic trypsin inhibitor (BPTI) have been shown to be 
structured in aqueous solution in NMR experiments carried 
out by J. Kemmink and T. Creighton (J. Kemmink et al., 
1993). The ability of these sequences to form local struc-
ture is likely to influence the protein folding process. We 
are using molecular dynamics simulations to gain insight 
into the energetics of the folding of these peptides and 
to understand their sequence selectivity. Energetic anal-
ysis of the sequence YTGP, corresponding to residues 
10-13 in BPTI, and related sequences, provides an expla-
nation of the factors affecting the geometry of the amine-
aromatic interaction which is different in solution and in the 
protein. 

PLATE 57 

Superimposition of snapshots from a molecu-
lar dynamics simulation showing the active site 
of cytochrome P450-cam with a substrate ana-
logue designed to fill an empty cavity in the 
active site. 
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Simulation of protein unfolding 

Small single-domain globular proteins denature following a 
first order phase transition. In order to understand the factors 
governing this transition, we have simulated the unfolding 
of a small protein by molecular dynamics by gradually 
heating it to high temperature and analysing its structural 
and energetic evolution. A cooperative unfolding transition 
is reproduced but, interestingly, it does not to appear to be 
caused by solvent interactions or any sudden disruption of 
side-chain packing in the protein core. 
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Assistant: C. Joseph 

It is widely accepted that proteins, especially those with 
regulatory or structural functions, are composed of modular 
structures in which specific tasks are dispersed among 
different domains. These domains function as building units 
which can then be found in completely different contexts. 
The study of their fold, stability and function is of great 
interest not only for the understanding of each single protein 
but also in terms of evolution and protein folding. In the 
last few years, we have started projects to characterize 
some of these modules from two of such protein families: 
proteins from the cytoskeleton and nucleic acid binding 
proteins. 

Muscle proteins (S. Improta, C. Joseph, 
G. Musco, A. Politou & M. Pfuhl) 

Nebulin and titin are two giant muscle proteins located in 
the thin and in the thick filament of striated muscle respec-
tively where they are thought to contribute to assembly and 
maintenance of the sarcomere. 

Titin 

Titin (3000 kDa i.e. the largest known protein) spans the 
distance between the thick filament and the Z-line in each 
half sarcomere. Increasing evidence shows that titin is 
involved in quite diversified functions ranging from being 
a major organizer of the thick filament in the A-band, to 
interacting with myosin and C-protein or anchoring to the 
Z-Iine and the M-band or providing elasticity in the I-band. 
As an elastic component, titin is thought to maintain the 
thick filament in register and resist overstretching of the 
sarcomere. 

The titin sequence recently determined by S. Labeit has 
shown that it has a complex architecture which makes it 
one of the most complex examples of modular proteins 
known so far. Most of the sequence is assembled by ca. 
100 amino-acid repeat modules, type I and type II, which 
were predicted to belong to the fibronectin type III and 
to the immunoglobulin family respectively. These two mo-
tifs are assembled in super-repeats in the center of the 
titin sequence (located in the A-band). A protein kinase 
is present in the C-terminus of the protein, near the M-
line in the sarcomere. It is flanked by type II modules 
and unique insertions which do not find homology in the 
database. The type I domains disappear also in the region 
located in the I-band, the region thought to account for 
the elastic behavior of the whole protein. Extensive work 
to characterize titin from the functional point of view is 
been carried out by M. Gautel. It is therefore of great 
interest to flank functional with structural studies and try to 
reconstruct in this way the overall properties of this huge 
protein. 

During the last years, we have started the characterization of 
immunoglobulin-like domains selected from different regions 
of titin. Several domains located in the I-band, the A-band 
and the M-line were expressed in E.coli in collaboration with 
M. Gautel and their structure studied (Politou et a/., 1994a 
and b). Among them, domains from the M-line are the best 
behaving in terms of high resolution structural determination. 
Based on the complete assignment of the NMR spectrum 
of this module, we have solved the structure of M5 which 
corresponds to the fifth immunoglobulin module of the ten 
located in the titin C-terminus (Pfuhl et a/., 1995). The struc-
ture shows a typical immunoglobulin fold with eight strands 
arranged in a ,a-sandwich (Plate 58). Most of the structural 
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PLATE 58 

Molscript representation of the structure of a titin immunoglobulin-
type module. 

details prove that M5 belongs to the immunoglobulin I-set 
which shares most of the features of the immunoglobulin 
variable domains except for the absence of two strands (C' 
and C"). The structure of M5 is a valuable template on 
which we can model most if not all the other type-II titin 
domains. 

Unfolding studies on various selected modules have shown 
that, although preserving the same fold, titin domains show 
different stabilities according to their positions along the 
sarcomere (Politou et al., 1994a and b). This observation 
might be correlated to understand some of the functions of 
titin as for instance to explain its elastic properties. Various 
models have been suggested to explain how immunoglob-
ulin domains may confer elastic properties: some models 
require inter-domain interactions, whilst others require the 
presence of kinetic intermediates. Both single and double 
domain constructs have been studied to characterize not 
only the unfolding of isolated domains but also the presence 
of possible inter-domain interactions. Sofar our results lead 
to the conclusion that no folding intermediates could be 
detected for single domains. Furthermore, each domain 
seems to unfold independently leading to the absence of 
strong interactions. 

In parallel to this work, peptides spanning the amino-
acid sequence of short linkers with specific functions have 
been synthesized and their properties studied by fluores-
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cence, CD, NMR and ultracentrifugation. Examples are 
a calmodulin-binding peptide flanking the protein kinase 
and a putative coiled-coil fragment identified in the titin 
N-terminus, which was suggested to be important for titin 
self-association (Musco et al., 1995). Future plans include 
the study of mutants of titin modules to be able to char-
acterize more thoroughly the structural determinants of the 
modules. 

Nebulins 

Nebulins (600-800 kDa) are coextensive with the thin fila-
ment in skeletal muscle and are supposed to dictate the 
uniform thin filament length by providing a template for 
actin polymerization. It has also been suggested that they 
are involved in the length regulation of the thin filament 
as a "molecular ruler". The complete sequence of human 
nebulin has been completed during the last year by S. 
Labeit and shows that nebulin is composed mainly of small 
repeats of approximately 35 amino-acids (Labeit et al., 
1995). Two features are strongly conserved within these 
regions: a SDxxYK motif in the middle and a conserved 
proline which delimits the repeat boundaries. For most of 
the nebulin length, seven repeats are further assembled 
in super-repeats. The N- and the C-termini end with a 77 
aa region potentially globular and with an SH3 domain 
respectively. 

In collaboration with S. Winder (MRC, Cambridge), we have 
characterised the conformational and binding properties of 
a number of synthetic peptides spanning the sequence of 
single repeats. CD and NMR studies were carried out both 
in aqueous solution and in other media in an attempt to 
mimic the in vivo environment (Pfuhl et al., 1994). We 
have shown that different repeats have very similar confor-
mational properties: in aqueous solution they all show the 
presence of a transient helix centered around the conserved 
SDxxYK motif. This conformation is strongly stabilized by 
anionic detergents and, to a minor extent, by trifluoroethanol 
(TFE) while uncharged or positively charged detergents 
have no effect. Since increasing evidence indicates that 
nebulin is an actin-binding protein, binding assays were 
carried out on the synthetic peptides. They showed that a 
single repeat is the smallest unit necessary for binding to 
F-actin filaments which occurs with a stoichiometry of ap-
proximately 1:1 (corresponding to two nebulin molecules per 
F-actin filament). The large number of negatively charged 
residues present on the actin surface as well as the spe-
cific behavior of the peptides in the presence of anionic 
detergents suggested the use of sodium dodecyl sulphate 
as a way to simulate the conformation of nebulin in its in 
vivo complex. A direct structure determination at atomic 
resolution of this complex would otherwise be impossible 
because of the F-actin filament size. Extrapolating the re-
sults obtained in this medium to the nebulin conformation 
in the sarcomere, most of the nebulin length would then 
consist of contiguous rods of helices within the repeat 
boundaries as defined by conserved prolines which flank 
single repeats. Around this residue, the conformation of 
up to 8 residues in the inter-repeat region should be ex-
tended. 



Based on these results, we have suggested a model for the 
nebulin/actin interaction (Pfuhl et a/., 1994). A preliminary 
inspection of a plausible site on the actin filament as recon-
structed from X-ray fiber diffraction measurements shows a 
cleft in the center of the filament. A nebulin single repeat 
could be accommodated in this groove and span the actin 
length. This model is entirely consistent with independent 
experimental evidence from several sources. Among others, 
it would explain the recently demonstrated properties of neb-
ulin to alter actin polymerization. We are currently working 
on the structure determination of the structure of the SH3 
domain. 

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 cy-
toskeleton and the membrane. Two homologous units are 
associated in an antiparallel fashion. The a./[J hetero-dimer 
associate as a head-to-head tetramer. The architecture of 
spectrin is once again modular. A large portion of the 
molecule is assembled by 100-120 amino-acid repeats. 
Regions with specialized functions, such as actin bind-
ing, are present along the sequence. An SH3 motif and 
a putative calcium binding region have also been identi-
fied. 

In collaboration with M. Saraste and C. Sander we are 
working on two spectrin modules: the EF hands and one 
of the repeats. Our aim is the 3D structure determination 
of these domains by NMR and the study of their mutual 
interactions. Presently, the most advanced project concerns 
the EF-hand motif. A detailed sequence analysis has sug-
gested that not only this region contains two EF hands 
but also the contiguous C-terminus stretch should fold into 
an independent globular domain containing two anomalous 
EF hand motifs, which would have lost calcium binding 
properties. The whole a.-spectrin C-terminus should thus 
have a structure similar to that of calmodulin. According 
to this hypothesis, three constructs have been expressed 
spanning the whole C-terminus domain and its two putative 
subdomains (Trave et a/., 1995). The three corresponding 
proteins are well folded and the NMR spectra of the domain 
can be obtained additively from the two subdomains, imply-
ing little interaction between the two regions. The affinity of 
calcium of the N-terminus sub-domain is highly specific and 
in the 0.1-0.5 JtM range. The structure of this sub-domain 
has been determined in the presence and in the absence 
of calcium (Plate 59). As for most of the other EF-hand 
containing domains no major rearrangements are observed 
upon calcium binding. An interesting feature is the presence 
of an insertion in the loop between the two EF-hands. This 
region contains a patch of exposed hydrophobic residues 
which might be relevant for the interactions of the domain 
with the spectrin [J-chain. The C-terminal half does not 
bind calcium, as expected by the anomalous EF hand 
motifs. 

The structure determination of the whole calmodulin-like 
domain is currently underway. 

Coiled coils (C. Muhle-GolI) 

Coiled coils and, more in general, helix bundles are in-
teresting structural solutions to obtain stability and often 
function as polymerization domains of the entire protein. 
Several examples have been found both in muscle related 
and DNA binding proteins. For the last few years, we have 
been interested in investigating the structure of a number 
of domains of transcription activators in an attempt not only 
to determine their structure in solution but also the factors 
which influence their stability and dimerization specificity. 

In collaboration with M. Nilges, we have recently carried 
out work on the leucine zippers of the HLH-LZ family. 
In these proteins, the helix-loop-helix DNA-binding dimer-
ization domain is followed in the sequence by a leucine 
zipper motif. The precise function of this second dimerization 
domain is still unclear, since the HLH domain alone is 
sufficient for dimerization in some proteins of this class. 
Deletion and mutagenesis studies on various members of 
the family have suggested that leucine zippers influence 
the homo- and hetero-dimerization properties. In an attempt 
to identify which regions of the proteins carry the informa-
tion to determine specific recognition of the dimerization 
partner, we have investigated the dimerization properties 
of synthetic peptides corresponding to the leucine zipper 
sequence of three members of the family, TFEB, Max and 
c-Myc (Muhle-Goll et a/., 1994). A combined approach using 
circular dichroism, analytical ultracentrifugation and nuclear 
magnetic resonance techniques was used. We have shown 
that while the Myc peptide is not able to form homo-dimers 
under physiological conditions, homo-dimerization could be 
proven for Max and TFEB with a relatively low dissociation 
constant (in the micromolar range). Hetero-dimer formation 

PLATE 59 

Molscript representation of the calcium free form of the N-terminal 
domain of the calmodulin-like domain from a-spectrin. 
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between Max-LZ and Myc-LZ could instead be obtained 
simply by mixing equimolar amounts of the two peptides 
at neutral pH. Accordingly, the hetero-dimer showed to be 
more stable than the corresponding homo-dimers with a 
dissociation constant one order of magnitude larger and to 
shift the equilibrium from a homo-dimeric Max-LZ towards 
the hetero-dimer. 

Protein surface mapping and applications 
to protein folding (S. Improta) 

The knowledge of which residues in a protein are exposed to 
the solvent or accessible to it, and which others are buried, is 
important for structure determination, studies of intermolec-
ular interactions, and protein dynamics. In previous years, 
we have shown that mapping of protein surfaces can be 
obtained by solvent perturbation NMR studies using soluble 
nitroxides (Esposito et al., 1994). Among other applications, 
the use of surface mapping by paramagnetic probes may be 
particularly helpful for the characterization of protein folding 
intermediates. Nitroxide perturbation is in fact extremely 
well suited to follow the progressive increase of exposed 
surfaces in the native state and appearance of partially or 
completely unfolded species. We have been investigating 
two applications of this approach to the high temperature 
a-lactalbumin molten globule state. Our results suggest that 
this molten globule state and that observed at pH 2 are 
not only thermodynamically but also structurally very similar 
(Improta et al., 1995a and b). 

RNA-binding proteins 

Modular proteins are much less common in prokaryotes than 
in eukaryotes. However, in the case of RNA metabolism, 
proteins in both prokaryotes and eukaryotes are frequently 
found to have modular structures. Currently, four of such 
modules are known whose primary function is thought to 
be the recognition of RNA: the RNP, KH, dsRBD and 
RGG/RGY motifs. Of these, both the KH and the dsRBD 
domains were identified only recently and are therefore 
much less well characterised. We have started a project 
which aims at their structure determination and the charac-
terization of their binding to RNA. 

KH domain (G. Musco, G. TravEl & C. Joseph) 

The recently described KH motif (for hnRNP-K homologous 
domain) is a ca. 50 amino-acid module identified often in 
multiple copies in a wide variety of proteins whose only 
common property is that they are associated with RNA. 
Examples of proteins belonging to the KH family are the 
hnRNP K protein, E.coli polynucleotide phosphorylase, vig-
ilin and FmR1. FMR1, which contains two KH domains, is of 
particular interest since mutations of the gene cause fragile 
X syndrome, the most frequent cause of mental retardation 
in humans, affecting 1 in 1250 males and 30% of female 
carriers. The KH domain is present in many proteins in 
several copies: 8 in yeast scp160 and 14 in vigilin, the high-
est number so far. The definitive role of the KH domain is 
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yet to be defined, although its distribution strongly suggests 
that it will bind single stranded RNA itself. In the case of 
FMR1, there is now evidence that the KH domains do indeed 
modulate RNA-binding affinity. 

From a secondary structure prediction based on a multiple 
alignment, it was suggested by T. Gibson (EMBL) that the 
KH motif might form an independently folded unit. Sequence 
periodicity suggests an a(3 structure with a three stranded 
sheet connected by either one or two a-helices. As a first 
step towards the characterization of the KH/RNA complex, 
we have produced genetically engineered fragments con-
taining the KH motif in collaboration with G. Stier (EMBL) 
and examined them by NMR spectroscopy (Castiglione 
Morelli et al., 1995). The sequence was selected from vigilin 
which has a particularly clear subunit structure making it es-
pecially suitable for the selection of individual domains and 
for studying the precise definition of the domain boundaries. 

NMR spectroscopy was used to determine the secondary 
structure in solution of a KH domain (repeat 5 from vigilin). 
On the basis of NOE patterns, secondary chemical shifts 
and amide solvent exposure, the secondary structure was 
determined and consists of an anti parallel three stranded 
(3-sheet connected by two helical regions. This domain may 
also be stabilized by an appended C-terminal helix which is 
common to many but not all members of the KH family. 

dsRBP motif (H. Kharrat) 

In contrast to the single stranded RNA-binding domains, 
the dsRBD has exclusively been found in proteins which 
recognise dsRNA. It was first noted as a r..J 70 residue motif 
repeated five times in the Drosophila developmental protein 
staufen and twice in the DAI protein kinase involved in the 
interferon response. While the evidence that the dsRBD 
functions in recognition of dsRNA is now overwhelming, 
almost nothing is known about the detailed mode of binding. 
In order to learn more about dsRBDs, we have expressed 
and studied the E.coli RNase III dsRBD in collaboration with 
M. Macias (EMBL). RNase III is an enzyme present in most, 
perhaps all, living cells. It is involved in processing tran-
scripts, such as ribosomal RNA precursors, by cleavage at 
short hairpin sequences. The expressed construct was sol-
uble and stably folded. The structure of the purified dsRBD 
was investigated by homonuclear NMR techniques. It has 
an a-(3-(3-(3-a topology in which a 3-stranded anti-parallel (3-
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 unre-
lated. Examination of the known dsRBD sequences reveals 
conserved, positively-charged residues: these residues map 
to the N-terminus of the second helix and a nearby loop, 
suggesting the likely site of dsRNA-binding. 
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Biological NMR spectroscopy 

Group leader: H. Oschkinat 

Fellows: D. Croft, U. Fischer*, G. Karlsson*, M. Macias-Hernandez, L. Mitschang, A. Ulrich* 

Visitors: H. Ponstingl*, T. MOllert 

Assistants: J. Ashurst, D. Grindrod, S. Moulton* 

NMR spectroscopy yields important information about the 
structure and dynamics of proteins and nucleic acids in so-
lution. Due to recent developments such as three- and four-
dimensional NMR, structures of proteins up to 15 kDa are 
now solved routinely, and the range of NMR spectroscopy 
has been extended to proteins with a molecular weight of 
approximately 35 kDa. We are interested in two aspects 
of biomolecular NMR: the development of NMR techniques 
for improving the collection of structural parameters, and the 
determination of protein structures. The biological questions 
addressed concerned principles of cytokine-receptor inter-
actions, aiming at a concept for the design of cytokine an-
tagonists, and the structure and function of protein domains 
involved in signal transduction mechanisms. With regard to 
the latter, the structure of the PH domain from ,B-spectrin 
was elucidated. Studies with regard to the binding of ligands 
are in progress. Further developments of NMR techniques 
are necessary in order to automate the evaluation of the 
spectra, and to improve their specificity and quality. It is 
intended to develop a program for the automated assign-
ment of multidimensional NMR spectra, and to develop NMR 
techniques utilising pulsed field gradients. 

Antagonists of Interleukin 4 (T. MOiler & H. Oschkinat) 

The design of cytokine antagonists is probably the most sim-
ple method to block certain signal transduction pathways. 
However, there are no general rules yet for the design of 
such antagonists. For this reason, structural studies on Inter-
leu kin 4 and on variants with partial agonistic or antagonistic 
activity were performed in order to provide a basis for the 
understanding of their altered activity profiles. The variants 
investigated were those with replacements of tyrosine 124 
by glycine and aspartic acid. The variant Y124G still shows 
20% activity, whereas Y124D shows less than 1 % activity 
in B-cell proliferation tests. Interleukin 4 is a typical cytokine 
which acts as a pleiotrophic growth factor on B- and T- cells. 
Its biological activities are proliferation and differentiation of 
B-cells, immunoglobulin class switching, and expression of 
the IgE low affinity receptor. Antagonists of Interleukin 4 
are therefore of particular interest in the therapy of cancer 
and allergic diseases. The determination of the structures of 
four-helix bundles such as IL-4, however, depends largely 
on the availability of NOEs between lipophilic side chains 
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such as leucines and valines. In the past, 13C-labelling had 
to be applied to enable the interpretation of the NOESY 
spectrum in the region were this information is located. 
If, however, a number of variants should be investigated, 
this becomes too expensive. For this reason, an approach 
based on 15N-labelling and homonuclear 3D NMR has 
been developed to enable the study of such molecules 
without 13C-labelling. Good results were obtained on the 
IL-4 wild-type whose structure was determined first as a 
basis for the investigation of the variants. With regard to the 
structures of the variants Y124G and Y124D it was proposed 
that the altered biological activity is a result of a loss of 
structure around the tyrosine. However, the structures of the 
variants are very similar to the wild-type (Plate 60), hence 
the change of activity must be attributed to a change of 
surface properties in this area. The drop in activity from the 
wild-type to the glycine variant (80%) is therefore explained 
by a loss in hydrophobicity of the surface (approx. 50 A2), 
but the antagonism of the variant Y124D by strong repulsive 
forces introduced by the negative change of the aspartate 
side chain. 

The structure of the PH-domain from ,B-spectrin 
(M. Macias & H. Ponstingl) 

The "pleckstrin homology" or PH domain is a 100-residue 
protein module. It is present in many kinases, different 
isoforms of phopholipase C, GTPase-activating proteins and 
nucleotide-exchange factors. Its function is not known, but 
many proteins that contain a PH domain interact with GTP-
binding proteins. The PH domain in ,B-adrenergic receptor 
kinase may be involved in binding to the ,B'Y subunits of 
a trimeric G-protein. We report here the three-dimensional 
structure of the PH domain of the cytoskeletal protein spec-
trin using homonuclear nuclear magnetic resonance (Plate 
61). The core of the molecule is an antiparallel ,B-sheet 
consisting of seven strands. The C-terminus is folded into 
a long a-helix, and another helix is present in one of the 
surface loops. The molecule is electrostatistically polarized 
and contains a pocket which may be involved in the binding 
of a ligand. There is a distant relationship to the peptidyl-
propyl-cis-trans-isomerase FKBP in which this pocket is 
involved in the binding of the macrocyclic compound 
FK506. 



PLATE 60 

A comparison of the local structure around residue 124 between 
wild-type of interleukin 4 (top) and the variant Y124D (bottom). 
Stereo figure, the tyrosine is in front. 

PLATE 61 

Structure of the pleckstrin homology domain from ,a-spectrin. 
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Coherence transfer selection by pulsed field gradients 
(L. Mitschang & H. Ponstingl) 

An rf pulse (or a pulse train) acts as a perturbation to a 
spin system in a coherent state and brings about coherence 
transfer steps which mix coherences of different orders. 
A particular sequence of coherences successively gener-
ated 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 sQlected 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. 

Automated assignment of multidimensional 
NMR specta (D. Croft) 

It is widely accepted that the assignment of NMR spectra 
is a tedious and time- consuming job. The ultimate goal, 
of course, is complete automation. This remains at present 
a distant goal, owing to the complexity of the task. The 
first aim is that the level of spectroscopic expertise required 
for accurate assignment will gradually decrease. Our work 
attempts at automated assignment of proteins using 3D 
and 4D NMR spectra. As with conventional assignment, 
based on 2D data, spectra containing both through-bond 
and through- space information may be used. 

Small membrane proteins by solution-state NMR 
(A. Ulrich) 

Currently, possibilities are being explored for the investi-
gation 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 develop-
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ment of multidimensional NMR in connection with isotope 
labelling, protein deuteration, and the higher sensitivity of 
the NMR spectrometers. In preliminary experiments, suit-
able NOESY spectra of solubilized bacteriorhodopsin have 
been obtained, showing NOEs due to protons of the retinal 
in the inner membrane parts. In addition, 13C_1 H 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 
chromophore environment of bacteriorhodopsin. 

EMBL labelling facility 
(J. 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-labelled media are produced on the basis of pho-
toautotrophically growing organisms. They are suitable for 
Ecoli, but also for more demanding expression systems. 
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Structure refinement 

Automated interpretation of NMR spectra 
(K. Abagian, S. O'Donoghue & D. Gherman) 

The most important structural restraints obtained from NMR 
experiments, the NOEs, usually contain many ambiguities. 
These are mostly due to spectral overlap. The problem 
is more severe in symmetric multimers, where every data 
point is ambiguous. While the ambiguity problem can be 
alleviated by heteronuclear NMR experiments, the recently 
solved NMR structure of the p53 teramerization site (Clore 
et al., 1994) shows that there are limits to the powers of 
these experimental techniques. Recently, we have devel-
oped a new way of calculating structures from NMR data 
(Nilges, 1993 & 1995) that can use the ambiguous data in 
the form of "ambiguous distance restraints". This type of 
data cannot be used for calculating structures with standard 
distance geometry algorithms. The new method is therefore 
based on optimization by simulated annealing. In the last 
year, we have used the method for structure calculations 
of four proteins with experimental data, in collaboration with 
experimental groups: the p53 tetramerization site (Marius 
Clore, NIH); the leucine zipper region of Jun (Glenn King, 
University of Sydney); the PH domain of ,B-spectrin (M. 
Sarraste & H. Oschkinat); and a double stranded RNA bind-
ing domain (A. Pastore). This gave us also the opportunity 
for testing and improvements. For the p53 tetramerization 
site, additional distance restraints for regions of regular 
secondary structure were used in the calculation. These can 
be extracted from a qualitative interpretation of the spectra, 
independently of the assignment of tertiary NOEs. What 
had been a very difficult problem in the calculation of the 
published structure, deriving the arrangement of monomers 
in the tetramer, was a simple calculation with ambiguous 
distance restraints. Problems of similar difficulty, for example 
an intricately folded dimer, had been beyond the limits of 
the first implementations of the method (Nilges, 1993). A 
different approach was taken for the leucine zipper. Here, 
a modelling analysis (O'Donoghue et al., 1994) allowed 

the identification of intra-monomoer NOEs, and thus the 
calculation of monomer structures. The arrangement of the 
two monomers was then derived with ambiguous distance 
restraints. The success rate of the calculations could be 
raised in this way from 10% to about 50%. Much efficiency 
can be gained when ambiguous distance restraints are 
combined with a more conventional iterative assignment 
approach. This combination was successfully used for the 
determination of the structure of the double stranded RNA 
binding domain. Initially, none of the NOEs determining 
the tertiary arrangements of the secondary structure ele-
ments had been assigned unambiguously. Plate 62 shows 
10 structures calculated from the unambiguously assigned 
NOEs alone, and 10 structures after six iterations of assign-
ment/refinement with ambiguous distance restraints. A step 
further was taken in the calculation of the ph domain. The 
interpretation of the spectra includes also the determination 
of peak positions ("peak picking"), and decisions about 
whether particular peak contains useful information. A list of 
peaks generated automatically always contains many errors 
(noise, impurities, incorrect peak positions) which have to 
be identified during the structure calculation in a fully auto-
mated approach. For the ph domain, the calculations were 
started with a small list of unambiguously identified NOEs, 
and additional NOEs were added automatically. In the end, 
two-thirds of the distance restraints used in the calculation 
were obtained in this way. At present, we are trying to 
address some of the problems of automated peak picking by 
developing a more general form of the ambiguous distance 
restraints that includes information about the peak shape. 
We are also trying to improve the simulated annealing 
algorithm used, for example by including dynamics in four 
dimensions. Independently, we are testing the usefulness of 
an optimization approach for the automated assignment of 
NMR spectra in general. In the future, we want to exploit 
similarities between data derived from NMR experiments 
and from an analysis of the primary sequence (prediction 
of secondary structure, contacts, and solvent accessibility), 
and use our method for tertiary structure predictions of 
proteins. 
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PLATE 62 

Effect of ambiguous data in the determination of the double-
stranded RNA binding domain. The ensemble of structures on the 
top has been refined with the unambiguously assigned NOEs only. 
The relative position of the secondary structure elements is not 
defined. The ensemble at the bottom is refined using all data. 

Parallel computing (R. Thiagarajan) 

The computationally most expensive part of a structure 
calculation from NMR data has been parallelized. The orig-
inal implementation with parallel virtual machine (PVM) has 
been ported to message passing interface (MPI), and we 
have gained experience on a number of parallel computers. 
A version of dynamic load balancing was added that can 
react quickly to changing loads on different processors. This 
could prove especially important if the program is used 
on workstation clusters. The program will be used for the 
refinement of the structure of interleukin IL4, for which a 
very good dataset has been obtained in Hartmut Oschkinat's 
group. 

Conformation and stability of leucine zippers 

Leucine Zippers of the bZip class 
(S. O'Donoghue, W. Cornell, K. Junius & G. King) 

The structure of the Jun-LZ is well determined by the NMR 
data. Special care was taken in the modelling of the well-
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conserved polar residue in the central region of the leucine 
zipper. This residue seems to induce an asymmetry in 
the molecule. However, the NMR spectra indicate that the 
average structure of the leucine zipper is symmetric. At 
present, we are studying the dynamics of the polar residue 
by molecular dynamics calculations. 

Leucine zippers in the bHLH-LZ class 
(C. Muhle-Goll & A. Pastore) 

The analysis of homo- and hetero-dimerization properties 
of the leucine zipper region of several members of the 
helix-Ioop-helix-Ieucine-zipper protein family (TFEB, c-Myc 
and Max) is now completed. These leucine zippers dif-
fer from those of the basic-leucine-zipper family in two 
important respects. First, the leucine zipper consitutes a 
second dimerization domain in addition to the helix-Ioop-
helix motif. Second, more of the positions typically oc-
cupied by hydrophobic residues are taken by polar or 
charged amino-acids. In vivo, c-Myc and Max form a 
hetero-dimer that activates transcription, Max is able to 
homo-dimerize, and TFEB, which belongs to a different 
subfamily, forms homo-dimers. We could show that the 
leucine zipper regions of these proteins alone mimic the 
behaviour of the intact proteins in vivo. In particular, Myc-
LZ does not homo-dimerize, and the hetero-dimer be-
tween Myc-LZ and Max-LZ is more stable than the Max-
LZ homo-dimer. This finding supports the speculation that 
the leucine zipper in the HLH-LZ proteins predominately 
influences the specificity of the interaction between dif-
ferent dimerization partners. The dimerization behaviour 
of the different dimers can be explained by polar in-
teractions between monomers. Plate 63 shows two salt 
bridges between Myc-LZ and Max-LZ in a model of the 
dimer. 

Antiparallelleucine zipper (U. Kruger) 

Less is known about antiparallel leucine zippers. The only 
known high resolution structure is part of the seryl-tRNA-
synthetase (Fujinaga et al., 1993). Synthetic peptides com-
prising the two helices forming the leucine zipper of the 
synthetase were studied by NMR and CD. They form a 
stable dimeric complex in solution. 
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PLATE 63 

Model of the Max-LZlMyc-LZ dimer. Two saltbridges between the 
monomers are shown. 

Max Myc 

Macias, M., Musacchio, A., Ponstingl, H., Nilges, M., Sar-
raste, M. & Oschkinat, H. (1994). Structure of the pleckstrin 
homology domain from ,B-spectrin. Nature, 369, 675-677 

Muhle-Goll, C., Gibson, T., Schuck, P., Schubert, D., Nalis, 
D., Nilges, M. & Pastore, A. (1994). The dimerization stability 
of the HLH-LZ transcription protein family is modulated by 
the leucine zippers. A CD and NMR study on TFEB and 
c-Myc. Biochemistry, 33, 11296-11306 

Rae, C., O'Donoghue, S.I., Bubb, WA & Kuchel, P.w. 
(1994). Stereospecificity of substrate usage by glyoxalase 
1: nuclear magnetic resonance studies of kinetics and 
hemithioacetal substrate conformation. Biochemistry, 33, 
3548-3559 

Other references 

Clore, G.M., Omichinski, J.G., Sakaguchi, K., Zambrano, 
N., Sakamoto, H., Appelia, E. & Gronenborn, A.M. (1994). 
Science, 265, 386-391 

Fujinaga, M., Berthet-Colominas, C., Yaremchuk, A.D., 
Tukalo, M.A. & Cusack, S. (1993). J. Mol. Bioi., 234, 222-
223 

Nilges, M. (1993). Proteins, 17, 297-309 

Nilges, M. (1995). J. Mol. Bioi., 245, 645-660 

O'Donoghue, S.I., Junius, F.K. & King, G.F. (1993). Prot. 
Engineering, 6, 557-564 

131 



Gene Expression Programme 

Introduction 

The explanation of complex biological phenomena like de-
velopment, differentiation, or the response to external and 
internal stimuli lies in changes in the activity of gene prod-
ucts, being most often a result of alteration of the level of 
expression of particular genes. Thus, a goal of an over-
whelming number of present-day biologists is to understand 
how gene expression is regulated. It is self-evident that an 
understanding of regulation can only be achieved when the 
mechanism by which a phenomenon occurs is known. In 
eukaryotes, the multiple steps of gene expression, including 
transcription, RNA processing, transport of the RNA to the 
cytoplasm and translation are only incompletely described. 
Thus, a large part of the effort of the Programme goes into 
mechanistic studies of various steps along the pathway of 
gene expression. Mechanistic studies usually benefit greatly 
from the development of in vitro experimental systems, and 
several of the research highlights in the Programme this 
year stem from applications of this basic approach. 

The large family of ligand-dependent transcription factors 
is now divided into three subdivisions, (I) corresponding to 
steroid hormone receptors, (II) including vitamin and thyroid 
hormone receptors and (III) being a heterogeneous and still 
small group. Unlike (I) and (II) the transcription factors of 
group (III) do not seem to require to form either homo- or het-
erodimers to be active in transcription regulation. Members 
of these families were among the first transcription factors 
to be molecularly cloned, and because of the importance 
and diversity of their multiple biological roles are probably 
the most intensely studied transcription modulators. Nev-
ertheless, it has been very difficult to understand in detail 
the function of ligand binding since the development of in 
vitro systems capable of recapitulating ligand-dependent 
transcriptional activation by these factors has proved an 
intractable problem. It is therefore a major breakthrough 
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with much potential for the future that one of the groups 
in the Programme has been able to recapitulate the retinoic 
acid response, mediated by a heterodimer of retinoic acid 
receptor and retinoid X receptor (RAR/RXR), in vitro. 

A second example comes from studies with assembled 
DNA-chromatin templates in vitro. A persistent question in 
this field relates to the requirement that the many different 
proteins acting in transcription, replication etc. must gain 
access to their binding sites on DNA, in spite of the fact 
that these sites must frequently be occluded by chromatin 
proteins. It has frequently been suggested that some spe-
cific factors would have the function of actively displacing 
chromatin proteins from the DNA. A group in the Programme 
studied the ability of two different transcription factors to 
displace chromatin in vitro and, to their surprise, found 
that both could displace nucleosomes from chromatin tem-
plates. Struck by this, they questioned whether nucleosome 
displacement might be a more widespread function than 
previously believed. Further study led them to the conclu-
sions that nucleosome displacement was energy dependent 
and that all the DNA-binding proteins they tested, including 
prokaryotic proteins, showed the activity. This necessitated 
a drastic rethinking of models for DNA accessibility in chro-
matin. It now appears that chromatin is much less of a fixed 
structure than previously believed, but rather is dynamic 
and includes components that utilize energy (ATP) to drive 
nucleosome movement. If nucleosomes do not remain in 
fixed positions, the problem of factor access to DNA is 
greatly diminished. 

Several further examples come from the study of post-
transcriptional events in the Programme. The U1 snRNP-
specific U1 A protein, that plays a role in pre-mRNA splicing, 
has also been shown to participate in a so far unique 



example of the regulation of gene expression. This protein 
interacts with the apparatus required for the 3' end forma-
tion on its own pre-mRNA, and thereby autoregulates its 
own production. This depends on a specific protein-protein 
interaction between the U1A protein and the enzyme that 
adds the poly (A) tail to the pre-mRNA, poly (A) polymerase. 
At the other end of the message, a two-component nuclear 
complex that binds to the pre-mRNA 5' cap structure was 
shown to be required for efficient splicing of a simple pre-
mRNA containing a single intron. How this complex works 
at the molecular level remains to be established, but a role 
for the complex in the earLy recognition of potential splicing 
substrates is an attractive possibility, as many, probably 
most, RNA polymerase II transcripts contain introns and 
they all have 5' cap structures. 

Mechanistic information can of course also come from in 
vivo studies, and a series of new insights into small nuclear 
(sn) and small nucleolar (sno) RNA function has come from 
genetic studies in yeast. These include further insight into 
the recognition by base-pairing of 5' splice sites in pre-
mRNA by the combined action of U1, U5 and U6 snRNAs, 
and, in analogous studies with pre-rRNA and snoRNAs, 
the first demonstration of a functionally significant base-
pairing interaction between the best-known of this latter 
class of RNAs, U3 snoRNA, and the ribosomal precursor. 
In a collaborative effort, two groups in the Programme 
joined forces to analyze the action of two other snRNPs, 
namely RNases P and MRP, involved in pre-tRNA and 
pre-rRNA processing respectively. Both RNPs were shown 
to contain a common protein component. Using this protein 
as a biochemical tool, the RNPs were purified and shown to 
function in vitro in cleavage events that are part of pre-tRNA 

or pre-rRNA processing in vivo. This is particularly exciting 
in the case of MRP, since it is one of the first examples 
of accurate reconstitution in vitro of a pre-rRNA processing 
event, and will doubtless lead to further studies of the roles 
of the protein and RNA components of the RNP in catalYSis. 

Finally, lest it be thought that we had forgotten about the 
regulation of gene expression, let me turn to two examples 
of signal-mediated control of post-transcriptional steps in 
gene expression. Because of the elegant paradigm exam-
ples of signal transduction pathways leading to changes 
in transcription factor activity, the possibility that protein 
modifications can affect other steps in gene expression 
has been somewhat neglected. Nevertheless, studies of the 
effects of phosphorylation and, in particular, dephospho-
rylation, of splicing factors led this year to the discovery 
that not only is constitutive splicing dependent on cycles of 
kinase and phosphatase activity but, additionally, that splice 
site choice, i.e. the use of alternative splicing pathways, 
can be influenced by the phosphorylation state of splic-
ing factors. This strongly suggests that events that trigger 
changes in protein kinase or phosphatase activities can alter 
gene expression not only at the level of transcription, but 
also at later post-transcriptional stages. In addition, studies, 
initially with nitric oxide, and later with other reagents that 
cause oxidative stress in cells, showed that the effects of 
these agents can be mediated through a change in the 
composition of iron-sulphur clusters in proteins like the iron 
regulatory protein. Since this protein, through its capacity to 
bind specifically to RNA, can then regulate gene expression, 
this is a further example of a way in which a specific signal 
can be transduced into an alteration in the physiological 
state of a recipient cell. 
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A nuclear cap-binding protein complex 

In eukaryotes, messenger RNAs and some U snRNAs carry 
a cap structure at their 5' ends. Since its discovery, the cap 
has been implicated in several aspects of RNA metabolism. 
The cap helps to stabilise RNAs against exonucleolytic 
attack and, through interactions with cap-binding proteins, 
mediates translation initiation in the cytoplasm, splicing in 
the nucleus and export of RNA from the nucleus to the 
cytoplasm. The effect of the cap on translation initiation has 
been known for some time to be mediated by eIF-4F, a 
tripartite protein complex consisting of a cap-binding protein, 
eIF-4E, and two other proteins. 

This year, we have isolated a nuclear cap-binding complex. 
This is composed of two proteins called CBP (cap binding 
protein) 80 and CBP20. Human cDNAs encoding both pro-
teins have been cloned, and analysis in vitro has shown 
that the two proteins interact in the absence of RNA to form 
a complex. This interaction is a pre-requisite for specific 
binding to capped RNAs. Neither of the proteins resembles 
any of the eIF-4F components in sequence. By making use 
of antibodies, we have been able to deplete the cap-binding 
complex from nuclear extracts and in this way to show that 
the complex is essential for the efficient splicing of at least 
some pre-mRNAs. Experiments are underway to examine 
how the complex acts to enhance splicing. 

In addition, the way in which the complex recognizes the 
cap structure, as defined using chemically modified cap 
analogues, suggests that it may play a role in export of 
RNA from the nucleus. Interestingly, we showed this year 
that while a cap-binding activity is essential for export of 
U snRNAs from the nucleus, the same factor plays a less 
important kinetic role in mRNA export. 

134 

U1A autoregulation 

The U1 snRNP-specific protein U1 A autoregulates its own 
production via inhibition of polyadenylation of its pre-mRNA. 
When excess free U1A protein accumulates in the nucleus 
it binds to a complex structure located near the 3' end of 
its pre-mRNA (Plate 64) and prevents polyadenylation. This 
reduces the production of U1A mRNA and is thus autoregu-
latory. This year, we have continued to study this regulatory 
mechanism, which is the only example of regulation of RNA 
3' end formation understood at the molecular level. 

U1A 
premRNA 

PLATE 64 

U1A 

The secondary structure of the 3' end of U1A pre-mRNA is shown. 
The cleavage and polydenylation signal is AUUAAA. Two molecules 
of U1A protein bind specifically to two asymmetric loops in the 
pre-mRNA and from this position make an inhibitory interaction with 
poly A polymerase (PAP). 



In spite of the fact that the cleavage reaction which pre-
cedes polyadenylation requires the association of multiple 
factors with an aggregate molecular weight approaching 1 
MegaDalton with this region of the pre-mRNA, we were able 
to show, in collaboration with the group of W. Keller, that 
binding of U1 A has no effect on this reaction. Rather, U1 A 
interacts directly with poly A polymerase (PAP), the enzyme 
that adds the poly A tail, and inhibits transcript adenyla-
tion. Intriguingly, as indicated in the figure, two RNA-bound 
molecules of U1A protein are necessary to inhibit PAP. 

Structure and function of snRNPs in Saccharomyces 
cerevisiae (B. Seraphin, S. Kandels-Lewis, M. Luukkonen, 
Z. Lygerou & E. Pascolo) 

We are analysing the structure and function of yeast 
snRNPs. We are concentrating on the five snRNPs (U1, U2, 
U4, U5 and U6) implicated in pre-mRNA splicing as well as 
the RNase P and MRP snRNPs that affect tRNA and rRNA 
maturation. 

We have recently shown that the U6 snRNA is involved in 5' 
splice site selection by base-pairing with a conserved intron 
sequence. This led us to propose a model in which the 
successive interaction of U1, U5 and U6 snRNPs with the 5' 
splice site might represent an important proof-reading mech-
anism involved in splicing accuracy. We are now testing 
this hypothesis and looking for additional factors implicated 
in this process. We are also trying to understand how 
the branch-point nucleotide is recognised by the splicing 
machinery. This nucleotide directly attacks the 5' splice site 
phosphodiester bond during the first splicing step. Prelimi-
nary experiments implicate the U5 and U6 snRNAs in this 
process. Analysis of 5' splice site and branch point selection 
as well as interactions between the U2, U5 and U6 snRNAs 
will help us build a structural model of the active site of 
the spliceosome for the first catalytic step of splicing. More 
recently, we have undertaken a genetic screen to identify 
factors involved in 3' splice site selection during the second 
splicing step. 

By database searches and sequence comparisons, we have 
identified a conserved sequence motif present in some 
known mammalian snRNP proteins, the Sm proteins. This 
motif was used to identify about 40 new Sm-like proteins in 
various species, including 6 from yeast. Analysis of these 
proteins revealed that some of them are indeed canonical 
Sm snRNP proteins, as they are present in the U1, U2, 
U4 and U5 snRNPs. However, some of the newly identified 
proteins have an unexpected property as they assemble 
specifically with the U6 snRNA and thus represent a new 
type of snRNP protein. Further analyses will be required 
to understand the role of these new proteins in U6 snRNP 
assembly and function. 

Recently, a collaboration between the group of D. Tollervey 
and ours has led to the identification of a protein component 
of the yeast RNases P and MRP. Cloning of a human 
homolog of this protein is in progress. RNase P is involved in 
tRNA processing while in vivo data implicate RNase MRP 

in rRNA processing. We have now developed an in vitro 
system that reproduces one of the pre-rRNA processing 
steps. This in vitro reaction depends on RNase MRP and 
is accurate at the nucleotide level making it one of the 
first systems described for the in vitro processing of pre-
ribosomal RNA. 

Finally, we have recently identified, in collaboration with C. 
Dingwall, two yeast proteins that might interact with the RAN 
GTPase. These proteins could, like RAN, be involved in 
nucleocytoplasmic transport and, thus, might affect snRNP 
transport to the nucleus. Preliminary analyses indicate that 
these two proteins do indeed interact with RAN. Further 
work will be required to test if these proteins are involved in 
nucleocytoplasmic trafficking. 
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Nuclear receptors are ligand-inducible transcription factors 
that modulate the activity of promoters through cis-acting 
sequences called hormone-response elements (HRE). The 
superfamily includes receptors for steroid hormones, re-
ferred to as type I receptors, and for thyroid hormone (T 3R) 
and vitamins A (retinoic acid receptor (RAR) and retinoid 
X receptor (RXR) and 03 (VD3R), referred to as type 
II receptors, as well as orphan receptors whose cognate 
ligands are as yet not identified. Type I and II receptors 
show functionally distinct properties. Firstly, type II recep-
tors are able to bind to their responsive elements in the 
absence of ligand, whereas ligand is required to dissociate 
the type I receptor-heat shock protein 90 complex and hence 
indirectly governs DNA binding. Secondly, type II receptors 
bind and transactivate through responsive elements that 
are composed of half-sites arranged as direct repeats, as 
opposed to palindromically arranged half-sites invariably 
separated by three nucleotides for type I receptors. Finally, 
type II receptors, with the exception of RXR, do not bind 
to their respective binding site as homodimers but require 
an auxiliary factor, RXR, for high affinity binding. RXR itself 
specifically binds a ligand, 9-cis retinoic acid (RA), and 
hence can act as a ligand-inducible transcription factor. 
However, if binding of the biologically active ligand 9C-RA 
to RXR yields a transcriptionally competent receptor, then 
how can this be reconciled with its promiscuous role as 
an auxiliary factor required for transactivation by type II re-
ceptors? Transcriptional activation of RXR would inevitably 
elicit a pleiotropic but devastating effect because of the 
simultaneous activation of signalling pathways controlled by 
ligands that are physiologically unrelated to 9-cis RA such 
as thyroid hormone and vitamin 03. 
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The ligand-dependent transactivation 
domain of hormone receptor 

Transcriptional regulation by type I and II receptors is 
achieved through autonomous transcription activation func-
tions (AF's); a constitutive AF-1 located in the N-terminal 
part of the receptor and a ligand-controlled AF-2 located 
in the very C-terminal part. We have started to delineate 
the various functions located in the C-terminal domain of 
the receptors, that is, ligand binding, dimerization and a 
ligand-dependent transcription activation function (AF-2). 
The AF-2 comprises a motif conserved between nuclear 
receptors. An extensive mutational analysis of the puta-
tive AF-2 domain of chicken thyroid hormone receptor a 
(CT3Ra) revealed that the AF-2 region mediated trans-
activation as well as transcriptional interference (squelch-
ing), not only between the thyroid hormone and type II 
receptors, but also between· type II and steroid hormone, 
type I receptors. Transcriptional activation and interference 
appeared to require equivalent doses of the cognate lig-
and, and mutations in the conserved motif that reduced 
ligand-induced transactivation also impair transcriptional in-
terference. When fused to the Gal4 DNA-binding domain, 
a 35 amint/-acid long fragment containing the conserved 
motif was able to transactivate and squelch, albeit in a 
ligand-independent manner. These and other results de-
fined the AF-2 of CT3Ra as an autonomous transactiva-
tion domain that, in its natural context, is governed by 
ligand. Furthermore, it is likely to provide a surface for 
interaction either with a general transcription factor or a 
putative bridging factor that is utilized by type I and II 
receptors. 



PLATE 65 

Schematic representation of the two distinct pathways of activiation 
of the RAR,82 promoter. The "superactivation" pathway is utilised 
in EC cells in which the ligand-activated RXR-RAR signals via the 
cell-specific E1A-LA to the basal transcription factor, TFIID. This 
pathway can be mimicked in non-EC cells by the cotransfection 
of the adenovirus E1A. TFIID consists of the TATA-binding protein 
(TBP) and TBP associated factors (TAFs). In differentiated cells 
RAR,82 is activated via a "default" pathway. Transactivation from 
RXR/RAR may be mediated either directly to a component of the 
basal transcription machinery er may require a bridging factor other 
than E1A-LA. 

SUPERACTIVATION PATHWAY 

Liganded 
RXAlRAR E1 A-LA TFIID 
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DEFAULT PATHWAY 

RA-dependent transactivation in 
embryonal carcinoma cells 

The fundamental importance of the retinoid signalling path-
way in developmental events, in generating a body plan, 
in limb development and organogenesis is becoming in-
creasingly clear. In vitro, the most spectacular effects of 
RA can be obtained with embryonal carcinoma (EC) cells. 
An early event in the process of differentiation is the ac-
tivation of the RAR,82 gene, one of a number of known 
autoregulated retinoid-binding proteins. The regulation of 
this gene is most intensively studied in the laboratory as 
a number of features make this an ideal system for an-
alyzing the mechanism of nuclear hormone receptor tran-
scriptional activation. In EC cells, RXR/RAR transactivate 

the RA-responsive RAR,82 promoter via a "superactiva-
tion" pathway (Plate 65) that involves the EC cell-specific 
E1A-like activity (E1A-LA). An alternative signalling route 
is utilized in differentiated cells, referred to as the "de-
fault" pathway (Plate 65) that does not involve the E1A-
like activity. Superactivation can be restored in non-EC 
cells by co-transfection of human TATA-binding protein 
(TBP) along with the adenovirus E1A13S protein. Yeast 
TBP supports superactivation in conjunction with E1A13S. 
However, it is incapable of interacting with the E1A-LA in 
EC cells. Changing two amino-acid residues in the core 
domain of yTBP to those found at the respective posi-
tion in hTBP restored superactivation in EC cells sug-
gesting that these amino-acids are involved in contacting 
E1A-LA. Taken together, the data suggest that E1A and 
the E1 A-LA function as co-activators or specialized TBP-
associated factors (TAFs) in mediating RXR/RAR transacti-
vation. 

Retinoid-dependent in vitro transcription 
mediated by the RXR/RAR heterodimer 

Much has been learned about the mechanisms employed 
by retinoids in combination with their nuclear binding pro-
teins, in achieving the regulation of specific sets of genes 
thereby triggering a cascade of regulatory events. Com-
parably little is known about the mechanisms by which 
the ligand-activated, DNA-bound receptor complex trans-
mits its transactivating "signal" to the basal transcription 
machinery and what factors in addition to the receptors 
are involved in transmitting this signal. This is in part 
due to the lack of accurate in vitro cell-free transcrip-
tion systems and fully functional receptors. We estab-
lished such a cell-free transcription system and provided 
the first biochemical evidence that, in vitro, ligand gov-
erns the transcriptional activity of RXRa/RARa, by induc-
ing conformational changes in the ligand-binding domains. 
Using limited proteolytic digestion, we could show that 
binding of the cognate ligand causes a conformational 
change in the C-terminal part of the receptor. Vaccinia 
virus expressed RXRa/RARa appeared to be partially ac-
tive in the absence of exogenously added ligand, even 
though transactivation critically depended on the 
controlled transcriptional activation function AF-2 of RAR. 
Full activation by recombinant RXR/RAR required the ad-
dition of either all-trans RA, 9-cis RA or other RAR-
specific agonists, whereas an RARa-specific antagonist 
abolished transactivation. Intriguingly, the ligand-dependent 
AF-2 of RXR does not contribute to the level of transcrip-
tion from the RAR,82 promoter in vitro even when loaded 
with the cognate ligand (9-cis RA). Thus, the major role 
of RXR in transactivation of the RAR,82 promoter is to 
serve as an auxiliary factor required for binding of RAR 
which in turn is directly responsible for transcriptional ac-
tivity. 

These and other biochemical studies will enable the identifi-
cation and eventually cloning of the coactivators and help to 
reveal how these factors act as "molecular bridges" between 
the receptors and components of the basal transcription 
machinery. 
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For most eukaryotic genes, post-transcriptional RNA pro-
cessing is required to generate the correct functional prod-
ucts. In the case of RNA polymerase II transcripts, which 
mostly correspond to protein coding mRNAs, processing 
of mRNA precursors (pre-mRNA) includes "splicing", i.e. 
excision of intervening sequences (introns) and cleavage 
and polyadenylation at the 3' terminus. During the past 
year we have continued with biochemical studies of the 
pre-mRNA splicing mechanism in mammalian cells and its 
regulation. We have also continued with our parallel stud-
ies of the intranuclear organisation of snRNPs and protein 
factors involved in pre-mRNA splicing. 

Biochemistry of splicing 

Splicing involves assembly of the pre-mRNA substrate into a 
large complex, termed a spliceosome. Major sub-units of the 
spliceosome are small nuclear ribonuclear protein particles 
(snRNPs), in particular U1, U2, U4/6 and U5 snRNPs. Each 
of these RNP particles contains either one or two small 
RNAs (called U snRNAs) together with a specific set of 
proteins. In conjunction with additional, non-snRNP protein 
factors, snRNP particles bind to pre-mRNA at the respective 
5' and 3' splice junctions, bring the 5' and 3' splice sites 
together and may also catalyse excision of the intron. 

We are continuing to study how the catalytic steps of the 
splicing reaction can be regulated by reversible SerIThr-
specific protein phosphorylation. In collaboration with Dr Pa-
tricia Cohen (Dundee) we have shown that addition of pu-
rified or recombinant protein phosphatase 1 (PP1) catalytic 
subunit to a splicing extract inhibits splicing by blocking an 
early step in spliceosome assembly. This inhibition is over-
come by adding purified SR proteins to the blocked extract, 
suggesting that SR proteins may be targets for regulation by 
phosphorylation. They represent a conserved family of es-
sential protein splicing factors which share a common motif 
of repeating serine-arginine dipeptides. Several members of 
the SR family have been shown to promote alternative splic-
ing in pre-mRNAs with alternative splice sites. Interestingly, 
we find that PP1 differentially inhibits the use of alternative 

splice sites mediated by SR proteins. This is consistent with 
a role for protein phosphorylation in regulating alternative 
splicing. Other experiments in progress include the isolation 
of assembled spliceosomes and the biochemical analysis of 
spliceosome-associated proteins that are reversibly phos-
phorylated to identify splicing factors whose activity may be 
affected by protein phosphorylation. In collaboration with 
Brian Sproat and his colleagues in the EMBL Biochemi-
cal Instumentation Programme, we have shown that short 
"branched" oligoribonucleotides, i.e RNAs containing a 2'-5' 
phosphodiester bond, are hydrolysed at the branch site by 
an enzyme in HeLa nuclear splicing extracts. This most 
likely corresponds to the RNA debranching enzyme which 
cleaves the 2' -5' phosphodiester bond formed in introns 
during the pre-mRNA splicing reaction. We have extensively 
purified this enzyme from HeLa nuclear extracts and are 
continuing to analyse the specificity and mechanism of the 
RNA debranching enzyme using chemically synthesized 
substrates of varying structure. 

Coiled bodies 

Coiled bodies are ubiquitous subnuclear organelles of un-
known function found in both plant and animal cells. Splicing 
snRNPs associate with coiled bodies in a transcription-
dependent fashion. We are continuing studies aimed at 
elucidating the function of coiled bodies and characterizing 
their structure and composition. We have isolated full length 
cDNA clones for the human coiled body protein, p8D coilin. 
Using transient expression and immunofluorescence assays 
we find that a Myc-tagged recombinant p8D coilin protein 
correctly localizes to the coiled body in HeLa cells. A de-
tailed study of mutant coilin derivatives is in progress to map 
domains in coilin required for assembly into coiled bodies. 
Interestingly, these studies have provided evidence for a 
functional relationship between the coiled body and the nu-
cleolus. Expression of specific coilin mutants disrupt nucleoli 
in HeLa cells. Additional experiments are also underway to 
identify proteins that interact with coilin using the yeast "two 
hybrid system". Several candidate coilin interacting proteins 
have been isolated and are being characterized. 
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PLATE 66 

The figure shows an electron micrograph of a mammalian coiled 
body, immunogold labelled using a polyclonal antibody that recog-
nizes the coiled body autoantigen, pSG coiJin. The immunogold label 
appears as numerous black dots covering the coiled body. Coiled 
bodies are conserved sub nuclear organelles that contain shRNPs. 

In collaboration with Carlos Dotti at EMBL we have also 
studied changes in the nuclear organization of coiled bodies 
in developing rat neurons, both in vivo and in vitro. We 
find that coiled bodies change from a nucleoplasmic to a 
predominantly nucleolar-associated distribution at a defined 
point during neuronal development. This change is not cor-
related with the onset of electrical activity or synapse forma-
tion but may instead reflect a developmentally programmed 
change in metabolic activity within neuronal nuclei. 
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Ribosome synthesis in Saccharomyces cerevisiae 

Group leader: D. Tollervey 

Fellows: C. Allmang*, B. Dichtl*, P. Mitchell, J. Morrissey, J. Venema* 

Visitors: M. Beltrame*, D. Lafontaine*, K. Sharma* 

Assistant: E. Petfalski 

The synthesis of ribosomes is one of the major metabolic 
pathways of any dividing cell, with the pre-rRNA compris-
ing >70% of all transcription. Despite this, little is known 
about the mechanism and components involved in the post-
transcriptional steps in eukaryotic ribosome synthesis. We 
wish to address these problems. Our aim is to make use of 
molecular-genetic techniques available in yeast to analyse 
the mechanism of pre-rRNA processing, rRNA modification 
and ribosome assembly. We are particularly interested in 
the roles played by the large family of small nucleolar 
ribonucleoprotein particles (snoRNPs) in these processes. 
As well as understanding the actual machinery involved, we 
wish to study how these processes are monitored, regulated 
and interconnected in the cell, and how they are related to 
nucleolar structure and nucleo-cytoplasmic transport. 

Characterisation of pre-rRNA processing sites 

During the past year we have analysed the signals respon-
sible for the identification of the major snoRNP-dependent 
cleavages at sites A1 and A2 (see Plate 67). These re-
actions require the small nucleolar RNAs (snoRNAs) U3, 
U14 and snR30, together with the snoRNP proteins Nop1 p, 
Sof1 p and Gar1 p. We have evidence that two different 
mechanisms exist for the identification of site A 1 (the 5' end 
of the mature 18S rRNA). Mutations which alter the spacing 
of sequences close to the cleavage site allow the 5' ends 
of the 18S rRNA which are specified by these two systems 
to be resolved. One mechanism involves recognition of an 
evolutionarily conserved sequence immediately 5' to the site 
of cleavage, the other involves the recognition of sequences 
within the 18S rRNA, probably within the highly conserved 
5' stem loop and pseudoknot structure. 

Similar analyses have also identified sequences both 3' to 
site A2 and at the site of processing, which are required for 
the accuracy and efficiency of this cleavage. Unexpectedly, 
some point mutations at site A2 inhibit cleavage at site A3, 
which is the substrate for cleavage by RNase MRP (see 
Plate 67). We have previously proposed that an snoRNP 

processing complex binds the 5' ETS, site A 1 and site 
A2. From these and other data, we now think that this 
complex in fact assembles cooperatively with an RNase 
MRP-exonuclease complex binding at site A3. These inter-
actions are likely to involve the snoRNA, snR30, depletion 
of which partially uncouples A3 cleavage from subsequent 
exonuclease digestion. We are now seeking the trans-acting 
factors which recognise the sequences identified as func-
tionally important for the various processing reactions. 

35S rRNA Precursor 

PLATE 67 

Cleavage A1/;:,A..". 
20S 

c::..-::mc:::..]-

Pre-rRNA processing complexes 

27SA 

Cleavage A3 1 
"' Exonuclease 

2759(5) 

We propose that the pre-rRNA is processed at sites A 1 and A2 by 
a multi-snoRNP complex which binds in the 5'ETS and in ITS1. 
This allows sites A 1 and A2 to be brought together and cleaved 
in coordinated reactions. Following these cleavages, site A3 is 
processed by RNase MRP and exonucleases (Xrn1 p and Xrn2p) 
immediately digest 5' ->3' to site B1, the 5' end of the 5.8S rRNA. It 
is likely that the snoRNP complex and the RNase MRP/exonuclease 
complex assemble cooperatively on the pre-rRNA. 
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We have previously shown that the ribonucleoprotein com-
plex RNase MRP is responsible for cleavage at process-
ing site A3 in vivo (in collaboration with Z. Lygerou & B. 
Seraphin, EMBL). It has now been shown that purified 
yeast RNase MRP can also cleave at A3 in vitro. This 
is an important step because the lack of good in vitro 
processing systems has been one of the major factors 
delaying the progress of research into eukaryotic pre-rRNA 
processing. 

Surprisingly, purified yeast RNase P, which cleaves the 5' 
ends of tRNAs in all organi§ms, is also able to cleave site 
A3 in vitro, although it does not do so in vivo. RNase P 
and RNase MRP are both ribonucleoprotein particles, and 
structural similarities make it clear that they are evolutionar-
ily related. We envisage that shortly after the emergence of 
the eukaryotes, the RNA component of RNase MRP arose 
by duplication of an ancestral RNase P RNA gene. A tRNA, 
and therefore an RNase P cleavage site, is present in the 
internal transcribed spacers of the pre-rRNAs of most bac-
teria and archeae (see Plate 68). We propose that following 
duplication of the RNase P RNA gene, this site co-evolved 
with the RNase giving rise to RNase MRP and site A3 in 
modern eukaryotes. 

Characterisation of the U3/pre-rRNA interaction 

We have previously reported that the yeast U3 snoRNA can 
be cross-linked in vivo to the 5' external transcribed spacer 
(5' ETS) of pre-rRNA. We have now shown that the deletion 
of 10 nucleotides in the 5' ETS, containing the site of cross-
linking, reproduces in cis all the effects of U3 depletion in 
trans (in collaboration with M. Beltrame, University of Milan, 
Italy). These nucleotides are perfectly complementary to a 
mainly single-stranded region of the U3 snoRNA, suggesting 
that Watson-Crick base-pairing between U3 and the 5' 
ETS might be crucial for pre-rRNA processing. To test this 
hypothesis we created multiple base substitutions in the 
pre-rRNA which disrupt the complementarity to U3. These 
mutations are lethal in strains in which only the mutant 
pre-rRNAs are expressed, and show a pre-rRNA processing 
defect which closely resembles that conferred by genetic 
depletion of the U3 snoRNA. Compensatory mutations in 
U3 that restore complementarity to the mutated 5' ETS 
sequences suppress the lethality of the base-substitution 
mutations and largely restore pre-rRNA processing. This 
is the first demonstration that direct base-pairing between 
an snoRNA and the substrate is required for pre-rRNA 
processing. 

Evolutionary support for this conclusion comes from anal-
ysis of the pre-rRNA and U3 snoRNA from Hansenula 
wingei (in collaboration with C. Branlant, University of 
Nancy, France). U3 from H.wingei has low homology to 
that of S.cerevisiae, and has two substitutions within the 
predicted pre-rRNA binding site. Sequencing of the pre-
rRNA reveals that two compensatory substitutions in the 
pre-RNA allow the formation of 10 Watson-Crick base pairs 
as shown for S.cerevisiae. This provides very strong evolu-
tionary support for direct base-pairing between U3 and the 
pre-rRNA. 
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Comparison of E.coli and S.cerevisiae pre-rRNA 

Although the basic arrangement of the rRNA is generally conserved 
between bacteria and eukaryotes there are three major differences 
between the pre-rRNAs. First, in most eukaryotes the large subunit 
rRNA is split by the insertion of a spacer, ITS2. Second, the 
5S rRNA is part of the bacterial pre-rRNA but is synthesized 
independently in eukaryotes. Third, most bacteria have a tRNA 
molecule in the spacer between the 16S and 23S rRNAs. The 
species of tRNA varies, but its presence is conserved. The positions 
of the RNase P and RNase MRP cleavage sites are indicated. 
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The binding of U3 in the 5' ETS is required for processing 
reactions occurring 2 kb downstream in pre-rRNA at A2 
in ITS1. We speculate that spacer regions which are far 
apart in the primary structure are brought in close proximity 
by processing complexes involving multiple snoRNPs (see 
Plate 67). The U3 snoRNP appears to bind to the pre-
rRNA at an early stage of pre-rRNA processing, potentially 
initiating the assembly of such a multi-snoRNP complex. 

Processing in ITS2 

In contrast to processing in ITS1, for which many trans-
acting factors have been identified, no trans-acting compo-
nents required for processing in ITS2 have been reported. 
In the past year we have characterised a novel gene RRP4; 
analysis of a temperature sensitive-lethal allele leads to the 
conclusion that, following endonucleolytic cleavage at C2, 
an exonuclease activity digests 3' to the 3' end of 
the mature rRNA. We have previously reported that the 
5' end of the mature 5.8S rRNA is also generated by 
5' exonucleases following cleavage at site A3. Rrp4p is 
homologous (41% identical) to a human ORF of previously 
unknown function. It is therefore very likely that the same 
processing pathway operates in human cells. 

Pre-rRNA methylation 

In addition to the cleavage reactions, the pre-rRNA is pro-
cessed by modification (principally methylation) at many 
sites. We are currently analysing the effects of mutations in 
the Dim1 p methylase which synthesises the residues at the 



3' end of the 18S rRNA (in collaboration with D. Lafontaine 
& J. Vandenhaute, Namur, Belgium). Unexpectedly, this 
methylation is required for pre-rRNA processing at sites A 1 
and A2 (see Plate 67); in consequence, no un-methylated 
pre-rRNA is processed to 18S rRNA. Substitution of the A 
residues at the site of methylation with G residues does 
not prevent processing in a DIM1+ strain, so it is not the 
synthesis of the m Am A nucleotides which is required for 
processing. We conclude that either the binding of Diml p 
to the pre-rRNA or the alteration of the loop sequence must 
be monitored. Failure of binding or modification activates 
a regulatory system which inhibits processing and thereby 
prevents the synthesis of uri-modified rRNA. This is currently 
the clearest example of regulation of a pre-rRNA processing 
reaction. 

tRNA processing and transport 

A number of mutations in nuclear pore components have 
been reported to inhibit the nucleo-cytoplasmic transport 
of pre-mRNA, as judged by the nuclear accumulation of 
poly(A+) RNA. Mutations defective in the transport of other 
major RNA species, tRNA and rRNA cannot readily be 
detected by the same techniques. We have therefore sys-
tematically screened nucleoporin mutants for the inhibition 
of tRNA splicing, which has previously been proposed to be 
coupled to transport, and for the accumulation of pre-rRNA 
species which are reported to be transported to the cyto-
plasm prior to processing (in collaboration with E.C. Hurt, 
EMBL) . No clear effects on pre-rRNA processing were 

observed in strains carrying mutations in any nucleoporiri 
gene tested. In contrast, strains carrying mutations of either 
NUP49 or NUP116, or genetically depleted of Nup145p, 
strongly accumulate unspliced pre-tRNAs. Splicing is inhib-
ited for all 10 families of intron-containing pre-tRNA, but no 
effects on 5' or 3' end processing are detected. This data 
provides evidence for a coupling between pre-tRNA splicing 
and nucleo-cytoplasmic transport. 
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Cytoplasmic gene regulation 

Group leader: M.W. Hentze 

Fellows: N.K. Gray, H.E. Johansson*, O. Melefors*, M. Muckenthaler*, K. Pantopoulos, E.G. Paraskeva, R. Stripecke* 

Visitors: J. Brock, D. A. Ostareck-Lederer*, P. Romby*, S. Sumner* 

Assistants: S. Quick, B. Schlager 

The stability, translation or localization of mRNAs in the 
cytoplasm can be regulated in response to intra- or extra-
cellular signals that control mRNA-binding proteins. Results 
obtained during the past year have made it possible to 
elucidate a first mechanism by which regulatory proteins 
control mRNA translation. Investigation of the pathways 
by which cellular signals alter the RNA-binding activity of 
iron regulatory protein (IRP) yielded surprising insights into 
radical-mediated cellular signalling and demonstrated that 
the reversible assembly and disassembly of iron sulfur clus-
ters represents a novel mode of post-translational control of 
protein activities. 

The 5' end of mRNAs: an "Achilles heel" for 
steric repression by binding proteins 
(R. Stripecke & E.G. Paraskeva) 

RNA-binding proteins with physiological functions unrelated 
to eukaryotic mRNA translation (the bacteriophage MS2 
coat protein [MS2CP] and the spliceosomal U1A protein) 
can act as translational repressors in eukaryotic cells when 
appropriate binding sites are inserted into the 5' end of re-
porter mRNAs. We demonstrated by transfection of MS2CP 
into HeLa and B6 cells that a cap-proximal position of the 
binding site is important for efficient translational repression. 
In conjunction with similar findings for IRP (the repressor 
protein that regulates ferritin and eALAS mRNA translation) 
the results identify the cap-proximal 40-60 nucleotides of 
an mRNA as a sensitive region for steric repression of 
translation. 

The binding sites for IRP, U1A and MS2CP all represent 
relatively weak stem-loop structures. Using the Drosophila 
RNA-binding proteins double-sex and transformer 2 as 
examples of proteins that bind to apparently unstructured 
RNA sites, we will determine whether these steric repressor 
proteins function by stabilizing weak stem-loop structures or 
whether the RNA sequence simply serves as an "anchor" for 
the repressor protein. Finally, a fluorescence-activated cell 
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sorter is used to isolate yeast cells in which the translation 
of the "green fluorescent protein (GFP)" indicator mRNA 
bearing an appropriate binding site is repressed due to the 
presence of the cognate RNA-binding protein (expressed 
from a cDNA clone or a library). If successful, this strategy 
will be applied to the cloning of RNA-binding proteins and 
their investigation in vivo. 

How regulatory proteins that bind to the 5' end 
of mRNAs affect ribosome association 
(N.K. Gray & B. Schlager) 

Using recombinant repressor proteins, reporter mRNAs with 
appropriate binding sites and cell-free translation systems 
from rabbit reticulocytes or wheat germ, the effect of repres-
sor proteins (I RP, U 1 A) on ribosome association was stud-
ied. We found that both proteins inhibit the stable association 
of the 43S translation pre-initiation complex (including the 
small ribosomal subunit) with the mRNAs, explaining their 
roles as translational repressors (Plate 69). This inhibition 
requires a cap-proximal location of the binding sites in vivo 
and in rabbit reticulocyte Iysates. When the binding sites 
are placed >60 nucleotides downstream from the 5' end 
of the mRNA, 43S complexes associate and overcome the 
downstream impediment posed by the binding protein. We 
are now combining transfection studies and biochemical 
assays to analyze the underlying mechanism. 

Biochemical definition of the entry site for the 43S 
pre-initiation complex to eukaryotic mRNAs 
(H.E. Johansson & N.K. Gray) 

We established 2'-O-allyloligoribonucleotides (oligos) as an-
tisense probes for the characterization of the translation 
initiation pathway. Oligos bound to the 5' untranslated region 
(UTR) or within ",20 nucleotides of the translation initiation 
codon were found to inhibit translation, while those that 
bound further downstream to the open reading frame or 



to the 3' UTR displayed no inhibitory effect. Interestingly, 
inhibition occurs by at least two distinct mechanisms. While 
oligos that bind >60 nucleotides downstream from the cap 
structure of the mRNA allow pre-initiation complex binding 
(and prevent progression to form a translation-competent 
ribosome), those that are placed <50 nucleotides down-
stream do not. These findings, which are currently defined 
further, provide biochemical evidence for the hypothesis that 
the 43S complex initially associates with the cap-proximal 
region (40-60 nucleotides) of an mRNA. Taken together with 
the data on repressor protein function, they suggest that 
these proteins may act by steric occupancy of the mRNA 
entry site for the small ribosomal subunit. 

Biochemical dissection of repressor protein function 
(M. Muckenthaler) 

If occupancy of the entry site (by proteins or antisense 
oligos) inhibits 43S association, dissection of the preceding 
steps in the translation initiation pathway and of the mode of 
interference by repressor proteins poses a challenging and 
important task. We are developing assays for these early 
steps. In one approach, biotinylated antisense oligos are 
annealed to the 3' end of mRNAs that are translationally 
repressed by mRNA-binding proteins. Initiation intermedi-
ates are isolated with streptavidin-coated particles for further 
characterization. We want to understand the mechanism of 
IRP-induced repression in further molecular detail and apply 
these technical approaches to other translationally regulated 
mRNAs (see below). 
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Mechanism of the regulation of ferritin and eALAS translation by 
IRP. (A) With IRP not bound to the IRE, (1) binding of the 43S 
pre-initiation complex to the mRNA is assisted by initiation factors 
associated with this complex, as well as additional elFs that interact 
with the mRNA to facilitate 43S complex association. Subsequently 
(2), the 43S pre-initiation complex moves along the 5' UTR towards 
the AUG initiator codon, (3) GTP is hydrolysed, initiation factors 
are released and assembly of 80S ribosome occurs. (8) With IRP 
bound to the IRE, the stable association of the 43S complex with the 
mRNA is (sterically) blocked. U1A bound to an mRNA in a position 
similar to that of the IRE also prevents step 1. 

The 3' end of mRNAs as an effector locus for 
repressor proteins (D. Ostareck & A. Ostareck-
Lederer; with B. Thiele, Berlin) 

The enzyme 15-lipoxygenase (LOX) plays a critical role for 
the degradation of mitochondria during the late stages of 
the differentiation of mammalian erythrocytes. Premature 
activation of LOX is prevented by translational repression 
of LOX mRNA by LOX-BP, a protein that binds to the 3' 
UTR of LOX mRNA (Ostareck-Lederer et al., 1994). Thus, 
in addition to steric, position-dependent repressors that bind 
to the 5' end of mRNAs (see above) other regulatory pro-
teins exert their functions from downstream loci by different, 
but still undefined mechanisms (Plate 70). In collaboration 
with B. Thiele (Humboldt University, Berlin), we began to 
examine LOX regulation in transfected erythroid cell lines 
(MEL) that can be induced to differentiate. Furthermore, 
LOX-BP has been purified in large quantities and is currently 
being sequenced. After cloning LOX-BP, we will examine its 
mechanism of translational repression. 

Iron regulatory protein: convergence of oxidative 
stress, nitric oxide and iron response pathways 
(K. Pantopoulos & S. Sumner) 

The binding of IRP to iron-responsive RNA elements (IREs) 
is regulated by cellular iron levels: IRE-binding activity 
is high in iron-deprived and low in iron-replete cells. In 
1993, we and others found that nitric oxide (NO), a short-
lived molecule involved in multiple signalling pathways, 
activates IRE-binding by IRP in stimulated macrophage 
cell lines (Weiss et al., 1993; Drapier et al., 1993). 
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Multiple mechanisms for translational control by mRNA binding 
proteins. IRP is suggested to represent the founding member 
of a class of translational regulatory proteins that bind cap-
proximally and prevent the association of the translation initia-
tion complex in a position-dependent manner. Three additional 
examples of regulatory proteins are shown (TS=thymidylate syn-
thase (Chu et al., 1991), DHFR=dihydrofolate reductase (Chu et 
al., 1993), LOX-8P=15-lipoxygenase binding protein (Ostareck-
Lederer et al., 1994)). Since their binding sites are distant from 
the cap, they are postulated to act by one or more different 
mechanisms. 
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PLATE 71 

Cellular signals and mechanisms for interconver-
sion between the two activities of IRP. IRP is 
displayed as a four domain protein (in analogy 
to mitochondrial aconitase) with two mutually 
exclusive functions. As an apoprotein, it displays 
IRE-binding activity (left). The IRE is drawn to 
interact with IRP in the region of the predicted 
cleft, although the precise binding site(s) has 
not yet been determined. On the right, IRP is 
shown as a 4Fe-4S protein with cytoplasmic 
aconitase activity. ApolRP can be generated by 
de novo synthesis as well as following cellular 
iron deprivation or exposure to NO or H202. 
Iron administration leads to conversion of IRP 
to the cytoplasmic aconitase form. Whether any 
of these conversions involve the formation of 
intermediates is currently not known. 

A new mechanism of posttranslational regulation by signal-dependent Fe-S cluster switching 

IRP=apoIRP=IRE-BP 

We established a fibroblast cell line that was stably trans-
fected with a cDNA encoding the inducible macrophage 
nitric oxide synthase. Using this defined system, we showed 
that NO synthesis is sufficient for I RP activation and leads 
to translational repression of ferritin mRNA as well as 
stabilization of transferrin receptor (TfR) mRNA. We also 
found that NO and iron deprivation originate as indepen-
dent, converging signals for IRP activation. The tight bio-
logical connection between iron toxicity and oxidative stress 
prompted an investigation of ferritin and TfR regulation by 
oxidative stress. We found that H202 (but not superoxide) 
activates IRP and regulates ferritin and TfR expression 
in a way similar to NO and iron deprivation. In contrast 
to iron deprivation, H202 activates IRP very rapidly (",,15 
min). These findings establish the first post-transcriptional 
response pathway to oxidative stress and provide a basis 
for the detailed analysis of the mechanism(s) for IRP ac-
tivation. In addition, the biological and pathophysiological 
implications of these regulatory interconnections will be ex-
amined. 

Reversible assembly and disassembly of iron-sulfur 
(Fe-S) clusters as a novel post-translational 
regulatory mechanism (K. Pantopoulos) 

IRP is an unusual molecule: it binds to IREs as an apopro-
tein, whereas formation of an 4Fe-4S cluster not only 
prevents RNA-binding, but concomitantly elicits aconitase 
activity (Kennedy et al., 1992; Haile et al., 1992; Emery-
Goodman et al., 1993; Gray et al., 1993). Using controlled 
conditions where de novo protein synthesis was blocked 
with cycloheximide, we established that the activation of 
IRE-binding by iron starvation and H202 results from post-
translational conversion of the Fe-S protein into apolRP 
(Plate 71). In contrast, IRPs is a related, genetically dis-
tinct IRE-binding protein with a relatively shorter half life in 
iron-replete cells which is synthesized de novo during iron 
deprivation. 
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Feedback regulation of nitric oxide synthase by iron 
(with G. Weiss, Innsbruck) 

As described above, NO participates in the control of iron 
metabolism by activating IRP. Studies with the murine 
macrophage cell line J774 revealed that iron and NO 
metabolism appear to be interconnected by mutual feedback 
control. We found that iron deprivation augments the activity 
of the inducible macrophage nitric oxide synthase (iNOS). 
This augmentation results from increased transcription of 
the iNOS gene. Iron administration has the opposite effect. 
We are aiming to identify the responsible regulatory factors. 

Finding new targets for IRP (J. Brock, S. Quick & 
N.K. Gray; with T. Dandekar) 

Several mRNAs contain IREs and are post-transcriptionally 
regulated by IRP. These include ferritin, eALAS as well as 
TfR mRNAs and, probably, the mRNA encoding mitochon-
drial aconitase (Dandekar et al., 1991; see also last year's 
report). In addition, other mRNAs with important roles in 
iron metabolism may be controlled by IRP. An affinity matrix 
for IRE-containing mRNAs was established with biotinylated 
recombinant IRP. Affinity selection and RT-PCR are used 
to clone novel IRP target genes. In addition, we screen 
updates of the EMBL database with a computer algorithm 
that successfully identifies new IRE motifs. 

Proofreading mechanisms against translational 
nonsense (with A. Kulozik, Berlin) 

Nonsense mutations introduce premature translation stop 
codons into the coding regions of mRNAs. These mRNAs 
encode polypeptides that are C-terminally truncated and 
as such could negatively affect normal cellular function. 
Proofreading mechanisms exist that induce the degradation 
of such mutant mRNAs. The steady state levels of mutated 



human ,B-globin mRNAs were shown to be 5-10-fold lower 
than wild type levels in transfected HeLa cells. Surprisingly, 
we found that the proofreading mechanism operates already 
within the nucleus and reduces the level of spliced mRNA, 
while the abundance of mutant pre-mRNA that retains the 
first intron is not reduced. Moreover, expression of the mu-
tant mRNA from the herpes simplex virus thymidine kinase 
(HSV-Tk) promoter functionally bypasses the proofreading 
mechanism. While a block in translation has been shown to 
be associated with a reconstitution of wild type mRNA levels 
(Belgrader et al., 1993), the mRNAs expressed from the 
HSV-Tk promoter appear t9 be delivered to the translational 
apparatus. 
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The structure of active promoters in chromatin 

Group leader: P.B. Becker 

Fellows: T. Blank, J.-P. Quivy, R. Sandaltzopoulos, P. Varga-Weisz 

Visitors: S. Ner*, E. Nony*, T. Papamarcaki* 

Assistants: E. Bonte*, G. Wall* 

Our view of chromatin structure has long been dominated 
by its most obvious function, the packaging of the eukaryotic 
genome into the nucleus. The forceful bending of DNA 
around the nucleosome results in charge neutralisation and 
an initial level of compaction, while folding of the nucleo-
some fiber in helices and loops generates additional levels 
of packaging. Recently two additional aspects of chromatin 
organisation have drawn considerable attention. Clearly 
chromatin is not just used to cram the genome into the 
nucleus, but rather contributes to nuclear architecture and 
therefore also to the functional compartmentalisation of the 
nucleus. Moreover, chromatin is a dynamic entity, flexible 
to accompany and enable changes in gene expression in 
response to environmental and developmental cues and 
different chromosomal states during the cell-cycle. The dis-
covery of energy-dependent nucleosome movements in the 
lab has put a special emphasis on the dynamic features of 
chromatin. 

Nucleosome spacing and chromatin folding 

We are using a cell-free system derived from Drosophila 
embryos for reconstitution of chromatin under physiological 
conditions. This chromatin is complex: it contains a plethora 
of uncharacterised, nonhistone proteins, but also enzymes 
such as kinases and phosphatases. At the lowest level of 
organisation chromatin consists of arrays of nucleosomes 
which are spaced with characteristic distances. Nucleosome 
"spacing" is a property of the physiological assembly sys-
tem. Less physiological (but more defined) reconstitution 
procedures yield closely packed nucleosomes. The "linker" 
DNA between the nucleosome cores is important. It in-
troduces flexibility into the nucleosome fiber which allows 
the folding into higher order structures. It also provides 
binding sites for linker proteins (such as histone H1, or 
HMG molecules) that help to define the functional state 
of the fiber. In addition it constitutes sites of increased 
accessibility that may be used for interacting regulatory 
proteins. In search of the principle that assures proper nu-
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cleosome spacing, Thiemo Blank discovered that relatively 
subtle changes in the concentrations of mono-, di-, and 
multivalent cations and of detergents influenced the nucle-
osome repeat lengths in a profound way. Reprogramming 
the assembly system with modified histones he was able 
to demonstrate that the flexible N-terminal (tail-) domains of 
the histones were required for proper spacing. If chromatin 
was assembled in the presence of a phosphatase, only 
close-packed nucleosomes were obtained, indicating that a 
phosphate group, perhaps in a histone tail, contributes to 
the phenomenon. Essentially all parameters that influence 
nucleosome spacing have previously been implicated in 
promoting the folding of the nucleosome fiber into higher 
order structures. We suggest that under various assembly 
conditions different higher order fiber conformations pre-
vail. The different underlying nucleosome geometries would 
naturally require different internucleosomal distances. This 
hypothesis implies that chromatin folding feeds back to the 
nucleosome repeat. If this was true, the analysis of nucle-
osome spacing would also yield information about higher 
order chromatin structures. 

Remodelling of chromatin by transcription factors 

The Drosophila embryo chromatin assembly system has 
also allowed us to visualise transcription factor-induced 
chromatin reorganisation (remodelling). Our collaborators 
Toshio Tsukiyama and Cllrl Wu were the first to show 
that GAGA transcription factor (GAF) rearranged nucleo-
somes on the hsp70 promoter in a reaction that required 
ATP. Due to the multiple GAGA elements on the hsp70 
promoter this reaction eventually created an accessible, 
DNase I-hypersensitive promoter. Gayl Wall confirmed and 
extended this finding by documenting corresponding rear-
rangements on the hsp26 promoter. To our surprise also 
heat shock factor, the second protein known to regulate 
heat shock gene transcription, was also able to trigger 
similar nucleosome rearrangements in an ATP-dependent 
manner. 



PLATE 72 

Nucleosome movements may transiently expose DNA sequences 
in nucleosomal linkers, and thereby generally increase the acces-
sibility of DNA. 
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Nucleosome mobility correlates with 
chromatin accessibility 

To establish the generality of the phenomenon of ATP-
dependent access to chromatin, Patrick Varga-Weisz used 
restriction enzymes to probe for the accessibility of se-
quences in chromatin. Prokaryotic endonucleases have 
been used to study nucleosome positions because they 
frequently do not cleave the bent DNA on a nucleosome 
surface. Surprisingly, restriction enzymes gained access 
to DNA in chromatin in an ATP-dependent manner. This 
suggested that a chromatin-associated activity exists that 
utilises energy to keep chromatin in an accessible state. 

Patrick and Thiemo teamed up to show that increased 
access to chromatin correlated with ATP-dependent nucle-
osome movements. These movements, best described by 
the term "sliding", occur in the absence of any interacting 
protein and may be an intrinsic feature of chromatin. So far 
all observed nucleosome rearrangements can be explained 
by assuming that nucleosomes move or are at least easily 
movable. Plate 72 shows how we think that nucleosome 
movements increase the accessibility of sequences in chro-
matin. By the same principle transcription factors can inter-
grate themselves into chromatin without a requirement for 
nucleosome disruption. 

Determinant of DNase I hypersensitive site 
formation at the hsp26 promoter 

When the hsp26 promoter is assembled into chromatin in 
the fly embryo extract, accessible DNase I-hypersensitive 
sites are reconstituted over the known regulatory elements 
from extract components. The establishment of these open 
patches in chromatin correlates with the presence of the 
particular DNA sequences, yet there is no evidence that 
one of the known transcription factors, GAF or HSF is 
responsible. Edgar Bonte is currently exploring whether 
unusual DNA structures or as yet unidentified proteins are 
involved in hypersensitive site formation. 

Reconstitution active transcription in chromatin 

The presence of hypersensitive GAGA and heat shock 
elements does not suffice to render the hsp26 promoter 
active for transcription. Raphael Sandaltzopoulos explores 
the further requirements for active transcription in chromatin. 
Using templates immobilised on paramagnetic beads for 
chromatin assembly and transcription he found that if he 
assembled preinitiation complexes on the promoter prior to 
chromatin assembly, the template could be transcribed with 
efficiencies approaching that of protein-free DNA. Ongoing 
work suggest that we may be able to reconstitute a good 
part of the hsp26 transcriptional regulation in chromatin in 
our cell-free system. 

Identification of components that organize 
hsp27 promoter architecture 

Jean-Pierre Quivy has used genomic footprinting to char-
acterise protein/DNA interaction at the hsp27 promoter in 
vivo. Hallmarks of this promoter are a positioned nucleo-
some between proximal factor binding sites (the TATA box 
and factor "X"-binding site) and distal activator elements 
(see also the 1993 Research Report). Currently Jean-Pierre 
is attempting to prove the functional significance of the 
observed structures by reconstitution of the native struc-
ture in the cell-free system. Since transient transfection 
(perhaps as expected) did not yield satisfying answers, 
we will test key mutant constructs in transgenic flies. The 
identification of "factor X" is still a high priority. Screening 
expression libraries with binding sites has, however, been 
unsucessful. 
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Proteins that define chromatin functional states 

Local structural and functional heterogeneity in vivo is 
achieved through the selective association of specific non-
histone chromatin modifiers. A protein of interest HMG-D, a 
nuclear protein abundant in preblastoderm nuclei, that may 
characterise the transcriptionally inert but rapidly replicating 
chromatin in cleavage stage embryos. Studies of Sarb Ner, 
a visiting fellow from the LMB in Cambridge, and Thiemo 
are still ongoing. The analysis of the chromatin association 
of the known chromatin modifiers Polycomb and Brahma is 
still in an early state. 

Method development 

Progress in the field is closely connected to the continuing 
development of new methods and techniques. Jean-Pierre 
is still refining his protocols for genomic footprinting and 
genomic sequencing, the latter in collaboration with the 
Ansorge team. Raphael has introduced solid-phase foot-
printing, a superior tool for the analysis of specific pro-
tein/DNA interactions. We also have a longterm committ-
ment to explore the application of scanning probe tech-
niques (collaboration with H. Herber) for chromatin analy-
sis. 
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POU factors and the molecular biology of early and germline development of mammals 

Group leader: H.R. Scholer 

Fellows: A. Brehm, G. Fuhrmann*, H. Hess, C. Ovitt, S.L. Palmieri*, I. Sylvester, Y.1. Yeom* 

-Visitors: P.E. Macchia*, A. Nori*, S.Owens* 

Assistants: K. Hubner, C. Sandberg* 

The analysis of both invertebrate and verte-
brate development has established that a pre-
cise program of maternal and embryonic gene 
expression is elaborated during early develop-
ment. Early regulatory processes can be easily 
examined in genetically well-accessible organ-
isms such as Drosophila. In contrast, genetic 
analysis of the early mammalian embryo is 
very difficult as indicated by the small number 
of early developmental mutants which have 
been described (Cross et al., 1994). Therefore, 
many questions concerning early development 
in mammals remain unanswered. 

The model organism used to study mam-
malian-specific developmental processes is 
the mouse. Mouse development from fertiliza-
tion to birth takes about 20 days, of which ap-
proximately 4.5 days are devoted to preimplan-
tation development. During the first stages of 
postimplantation development, the three germ 
layers (ectoderm, mesoderm, and endoderm) 
are established and the germ-cell lineage is 
set aside (Lawson & Hage, 1994). One of the 
important advantages in using the mouse as 
a model system is that a variety of embryonal 
stem cell lines are available which resemble 
cell types of early mouse embryos, namely em-
bryonic stem (ES), embryonal carcinoma (EC) 
and embryonic germ (EG) cell lines (Plate 73). 
These cultured cells provide a means for direct 
analysis of these early embryonic cell types 
as well as a source for obtaining adequate 
amounts of cellular material. Embryonic stem 
cells can also be used for manipulation of 
the mouse genome by gene targeting. The 
availability of mouse embryonal stem cell lines 
helps to compensate for the limitations of 
mammalian genetics. 

PLATE 73 

Flow diagram of Oct-4 gene expression in the developing embryo indicating that 
Oct-4 is expressed in the germ line. The boxes represent expression in cell types 
and tissues as determined by in situ hybridization analysis, the bold arrows indicate 
the germline. In cells and tissues that are not framed, expression is not detectable. 
ES, EC and EG are embryo-derived stem cells representing different embryonal 
stages (see text). Horizontal arrows indicate differentiation of cells away from the 
vertical germline axis. ICM: inner cell mass; PGC: primordial germ cells. 
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The expression patterns of two transcription factors, Oct-4 
and Oct-6, suggest that they may be involved in the regula-
tion of events in early murine development. In particular, 
Oct-4 is the earliest expressed gene known to encode 
a transcription factor which is developmentally regulated 
during mammalian development (SchOler, 1991; Palmieri 
et al., 1994). Expression of the transcription factor Oct-4 
is correlated with the undifferentiated cell phenotypes of 
the mouse embryo. Oct-4 RNA is found in the totipotent 
and pluripotent stem cells of the pregastrulation embryo, is 
down-regulated during differentiation of these cells and is 
eventually confined to the ges.:m-cell lineage (Plate 73). 

Our aim is to understand at a molecular level how the 
regulatory network is established in the early mouse embryo 
and what defines the pluripotent state of embryonal stem 
cells. We also try to determine differences between cell 
types on the germline lineage. In our studies Oct-4 and 
Oct-6 are used as starting points to explore developmental 
processes in the mouse embryo and we are focussing on 
the following aspects: 

Regulatory elements and proteins required for Oct-
4 expression in the mouse embryo (K. HObner, 
I. Sylvester & Y.1. Yeom) 
The role of Oct-4 and Oct-6 in the early mouse embryo 
(G. Fuhrmann, C. Ovitt & C. Sandberg) 
Target genes of Oct-4 (H. Hess) 
Involvement of coactivators (bridging factors) and viral 
oncogenes in transcriptional activation by Oct-4 and 
Oct-6 (Scholer et al., 1991) (A. Brehm) 

This research report will concentrate on the first two aspects. 

Regulatory elements and proteins required for 
Oct-4 expression in the mouse embryo 

Two major reasons underline the importance of studying the 
regulation of the Oct-4 gene. Firstly, Oct-4 is one of the 
first transcription factors to be expressed in the developing 
mouse embryo. In order to establish the initial regulatory 
network the regulatory region of Oct-4 is thus used as a 
probe to screen for other transcription factors specifically 
expressed in the preimplantation embryo. Secondly, ex-
pression is developmentally regulated at several embryonic 
stages. We would like to address the question of what 
factors are involved in the regulation of the Oct-4 gene, and 
whether such factors are present at every stage of Oct-4 
regulation, or vary in different cell types along the germ line 
axis (Plate 73; Scholer, 1991). 

In our initial studies we had concentrated on the Oct-4 
promoter region (Sylvester & Scholer, 1994). To define 
regulatory regions important for the expression of the Oct-4 
gene in ES and EC cells we used a combination of binding 
and transient transfection assays. A region of the proximal 
promoter, which is highly conserved between mouse and 
human Oct-4, reveals an overlapping set of regulatory ele-
ments including a high affinity binding site for Sp1 and three 
direct repeats of an AGGTCA-like sequence with either +1 
or 0 spacing. Our cell culture studies have indicated that 
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Oct-4 is subject to both positive and negative regulation 
by different members of the nuclear hormone receptor su-
perfamily, and the promoter appears to be a crucial region 
mediating negative regulation. RAR, ARP-1 or HNF-4 are 
potential candidates for negative regulators of Oct-4. We 
now want to test which nuclear receptors are important for 
Oct-4 repression in the developing embryo. 

Our promoter studies had shown that the Sp1 site is cru-
cial for Oct-4 gene activity. Interfering with its binding by 
coexpression of nuclear receptors or by mutating the Sp1 
site severely diminishes gene activity. To analyse this crucial 
site in the endogeneous Oct-4 gene we have studied factor 
occupancy in several cell lines in collaboration with the 
laboratory of K. Ozato (NIH, Washington). In undifferentiated 
ES and EC cells, factor occupancy is detected in vivo by 
dimethylsulfate-mediated genomic footprinting. In contrast, 
binding was not observed in murine fibroblasts that do not 
express Oct-4. Binding of the factor becomes undetectable 
after 24 hours of all-trans retinoic acid (RA) treatment in 
parallel with greatly reduced steady-state RNA levels. The 
continuous presence of RA is not required for loss of factor 
occupancy because treatment for 6 hours has the same 
effect. 

In order to analyse how the Oct-4 gene is regulated in the 
developing embryo, we have used a transgenic approach 
with the LacZ gene as a reporter. LacZ was inserted next to 
the Oct-4 initiation codon, and a series of constructs includ-
ing different lengths of flanking sequences were injected into 
mouse oocytes. Whereas a 32 kb genomic fragment (with 19 
kb and 5 kb flanking sequences up- and down-stream of the 
coding region, respectively) reproduced the endogeneous 
pattern, a deletion analysis revealed one region to be impor-
tant for driving Oct-4 gene expression in the preimplantation 
embryo (tentatively named distal enhancer) and another to 
be sufficient for expression in the embryonic ectoderm of 
the postimplantation embryo (proximal enhancer). The be-
haviour of both enhancers in the embryo correlates with their 
separate activities in ES and EC cells, the distal enhancer 
showing high levels of activity in ES cells, while the proximal 
enhancer is active in EC cells, demonstrating that these cells 
indeed mimic cells of the embryo and are valuable tools 
to study ce(1ain developmental processes in culture (Plate 
73). Oct-4 expression during early mouse development 
therefore appears to be governed by at least two stage- and 
tissue- specific enhancers, one active in the preimplantation 
embryo and the other active after implantation. The analysis 
of both enhancers in EG cells should prove interesting. If 
the activity of both enhancers is similar in ES and EG cells, 
the distal enhancer might serve as an important germcell 
marker. If the activity profile is not the same, we would have 
for the first time defined a functional difference between 
these stem cell types. 

The disparate activity pattern of the two enhancers makes 
them ideal probes to explore the biological differences be-
tween ES and EC (and possibly EG) cells. Besides their 
biological relevance, enhancers with such specificity profiles 
should be potentially very useful in designing systems for 
the specific expression of any gene during early mouse 
development. 



PLATE 74 

Expression of Oct-4 protein in early and late blastocyst stage 
embryos. Immunofluorescent detection in (A) approximately day 
3.4 blastocyst, (8) approximately day 3.6 blastocyst (C) day 4.5 
blastocyst. All embryos are stereo-pair images constructed from 
45, 70 and 50 confocal optical sections, respectively. In each case 
the embryo is oriented in a way that the inner cell mass points 

to the right and the mural trophectoderm to the left. The intensity 
of the nuclear staining reflects the level of Oct-4 protein, except 
in (C) where trophectodermal nuclei could be only visualized by 
propidium iodide staining of the chromatin. The confocal analy-
sis was done with the help of Nick Salmon from Ernst Stelzer's 
group. 
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The role of Oct-4 in the early mouse embryo 

To understand the role of Oct-4 in development, we have 
studied the temporal and spatial localization of Oct-4 protein 
in both cultured cells and mouse preimplantation embryos 
(Palmieri et al., 1994). The protein is present in the nu-
clei of all cleavage stages, but following differentiation of 
the trophectoderm at the blastocyst stage, Oct-4 is only 
expressed in the inner cell mass (Plate 74). The pattern 
of protein expression up to this stage correlates well with 
previously reported in situ hybridization results. However, 
whereas only low levels of .oct-4 transcripts are detected 
in primitive endodermal cells, protein levels in these early 
migrating cells are higher than in the inner cell mass. While 
high Oct-4 expression suggests that Oct-4 down-regulation 
is not required for primitive endoderm differentiation, we 
speculate that it may be involved in the migration of these 
cells along the basolateral surface of the trophoblast ep-
ithelium. If it is involved in migration, then one hypothe-
sis is that it would control the expression of cell-surface 
molecules involved with cell movement or with proteases 
which remodel the extracellular matrix. To address these 
possibilities we are investigating the target genes of Oct-4 
in vivo. 

The expression pattern of Oct-4 suggests that it may be 
related to the pluripotent nature of embryonal stem cells. 
To test whether Oct-4 plays an essential role in embryonic 
development, a replacement type gene targeting construct 
was used to abolish functional Oct-4 protein expression (in 
collaboration with the laboratory of A. Smith, CGR, Edin-
burgh). The POU-domain encoded in exons two to five was 
replaced by a promoterless LacZ-neo ((3geo) fusion gene 
and homologous recombination events were isolated at high 
frequency (70-80%). Mice heterozygous for functional Oct-4 
show no detectable changes in development. However, ho-
mozygous Oct-4 deficient embryos do not develop beyond 
implantation. 

To analyse further the role of Oct-4 we will try to modulate 
the levels of Oct-4 in embryonal stem cells and in embryos, 
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the latter analysis being facilitated by the availability of mice 
heterozygous for functional Oct-4. The information obtained 
from our transgenic analysis is currently being applied in 
experiments designed to rescue the early embryonic lethal 
phenotype resulting from absence of Oct-4 protein. Through 
differential use of the separate enhancers in rescue experi-
ments, we want to define a role for Oct-4 during later stages 
of mouse development. 
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Applied site specific recombination 

Group leader: F. Stewart 

Fellows: R. Aasland, P.O. Angrand*, F. Buchholtz*, S. Chabanis*, C. Logie, M. Nichols, L. Ringrose 

Assistant: C. Woodroofe 

The ability to manipulate the genome of living cells and 
organisms by stably integrating DNA underlies the potential 
of reverse genetics to alter phenotype. The introduced DNA 
can be either randomly or homologously recombined into 
the genome, or maintained as an episome. In the first 
applications of this technology, phenotype was altered upon 
DNA introduction. We are developing ways to postpone the 
phenotypic alteration until a chosen time after DNA intro-
duction. The strategies rely on (i) site specific recombinases 
that precisely rearrange DNA in living cells and (ii) steroid 
hormone receptors that require ligand for their activity. 

Site specific recombination (L. Ringrose & F. Buchholtz) 

Site specific recombinases of the integrase class, such as 
FLP, from the 2J.L circle of S.cereviseae, Cre, from the Ecoli 
P1 phage, and R from Z.rouxii, precisely and conservatively 
recombine DNA between their binding sites. These three 
proteins are similar in their primary sequence and function 
efficiently in a broad range of organisms from Ecoli to 
mice. Their DNA binding sites are 13 bp inverted repeats 
which are recognised by a monomer per half site. The 
residues within the approximately 420 amino-acids which 
are responsible for binding the 13 bp half site have not been 
identified. As only these three recombinases are currently 
available for use in living systems, we have been charac-
terising two additional members of the integrase class. Both 
are found on 2J.L-like circles from K.waltii or K.drosophilarum 
and, as anticipated, recognise unique target sequences. To 
compare the relative efficiencies of these 5 recombinases 
in living cells, we have established site specific recombina-
tion assays in Ecoli, S. cereviseae and human 293 cells. 
Further work is directed at dissecting FLP recombinase to 
understand the structure-function relationship. The protein 
appears to be largely a single unit of protein folding with 
interdigitation of its multiple functions. 

Regulated site specific recombination 
(C. Logie, P.-O. Angrand & S. Chabanis) 

Site specific recombination offers a potential way to alter a 
living genome by design in a precise and stable manner. 
This potential requires strategies which can be used to 

regulate the recombination event. We have developed a 
strategy to regulate FLP recombinase activity which relies 
on expressing FLP as a fusion protein with steroid hormone 
receptor ligand binding domains (LBDs). In the absence of 
a ligand cognate to the LBO, the recombinase activity of 
the fusion protein is extremely low. Upon ligand adminis-
tration, recombinase activity is rapidly induced. These re-
sults outline the basis for inducible expression or disruption 
strategies using inducible recombination. Current work is 
directed at developing selected applications principally for 
use in mammalian systems. Additionally, we have exploited 
the conditional nature of FLP/LBD fusion proteins to direct 
integration of a plasmid into a specific genomic site. Fre-
quencies approaching the frequency of random integration 
have been achieved. 

Ligand binding by steroid hormone receptors 
(M. Nichols & C. Logie) 

Since the recombinase activity of FLP/LBD fusion proteins 
requires steroid ligand for activity, they transduce steroid 
binding into specific DNA rearrangements. This permits a 
variety of assays whereby ligand binding can be recorded, 
or amplified, as a fixed DNA alteration of reporter gene ex-
pression. We are using such assays in both yeast and mam-
malian cells to explore the structure-function relationship of 
ligand binding by the estrogen receptor. The LBDs are pro-
tein domains, approximately 200 amino-acids in length, that 
carry several interdigitated functions. In addition to ligand 
binding, these functions include hormone-dependent trans-
activation and dimerisation surfaces, both of which should 
be disposable to LBO action in FLP/LBD mediated recom-
bination. By both random and directed mutagenesis, we 
are examining the relationship between these interdigitated 
functions with particular emphasis on evaluating differences 
between the activities of agonists, such as estradiol, and an-
tagonists, such as tamoxifen. All cognate ligands tested so 
far, agonists and antagonists, are able to activate FLP/LBD 
recombination, however they do so with differing kinetics. 
For the estrogen receptor LBO, antagonists invariably are 
more efficient than agonists at inducing recombination. This 
difference may reflect the failure of antagonists to activate 
fully the LBO for transcriptional activation. 
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PLATE 75 

The plate shows the progression of an excision recombination reac-
tion. A human 293 cell line was created that contained an excision 
recombination substrate. This substrate is depicted between the 
panels as a line with 2 arrow heads. The cell line also contains 
a modified Flp recombinase that requires estradiol for activity. In 
the absence of estradiol the recombination substrate is intact, as 
observable by a single band in lanes 0, both panels. Upon adding 
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It has been known for 60 years that non-steroidal com-
pounds, such as keto-phenanthrenes, can have estrogenic 
activity. Recent evidence implicates estrogenic environmen-
tal pollutants as causative agents in decreasing the repro-
ductive success of certain aquatic vertebrates. It is also 
possible that environmental estrogens affect tumour inci-
dence in exposed women. We have applied our work on the 
estrogen receptor FLP/LBD fusion protein to this problem 
by developing a simple and sensitive assay to detect the 
presence of estrogen agonists or antagonists in mixtures. 
Our assay may have utility as a test for estrogenic activities 
in samples taken from the environment. 

Chromatin analysis of the mouse HOXA cluster 
(R. Aasland & C. Woodroofe) 

To develop a model system for the application of regulated 
recombination, we are examining the transcriptional control 
of the mouse HOXA cluster. As with other HOX clusters, 
HOXA displays temporal colinearity. That is, the order of 
the genes along the chromosome is also the order in which 
they are expressed. Upon induction, the gene at the 3' end 
of the cluster, Hoxa-1, expresses first, followed by the gene 
immediately 5' to it, Hoxa-2, and so on towards the 5' end of 
the cluster. In embryonal carcinoma (EC) cells, retinoic acid 
treatment initiates this progression. We compared DNase1 
hypersensitive sites around the 3' end of the HOXA cluster 
before and after retinoic acid treatment of F9 and C1003 
cells as a first step to understanding and manipulating this 
region of chromatin. Retinoic acid treatment, as measured 
by nuclear run-on analysis of the region from Hoxa-1 to 
Hoxa-4 genes, rapidly initiates the progression of transcrip-
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estradiol to the cell culture medium, recombination commences and 
is observable either as the occurrence of a shorter, chromosomally 
integrated band (left panel) or as the excised band (right panel). 
During the timecourse of estradiol treatment (hours of treatment 
are given above the panels), the chromosomally integrated product 
accumulates (left panel), but the excised product is lost from the 
replicating cells (right panel). 

o 2 4 8 24 48 72 96 . , , 

tional inductions. Changes in DNase1 hypersensitive sites 
accompany these inductions. Thus both transcription and 
chromatin alterations reflect temporal colinearity. 

Genetic analysis of the transcriptional control of the 
Drosophila HOX cluster, HOM-C, has identified two classes 
of regulatory factors involved in the maintenance of HOM-
C expression patterns. The trithorax group maintains ex-
pression and the polycomb group maintains repression. 
The balance between the two presumably maintains the 
chromatin status and probably underlies the phenomenon 
of colinearity. Recently, the sequence of polycomblike, a 
polycomb group member, was published by the group of 
Rob Saint. In collaboration with Toby Gibson of the Leonard 
group (see Biological Structures Programme), data bases 
were examined with the polycomblike sequence. Significant 
homologies to trithorax, defining member of the trithorax 
group, were observed. Further analysis defined the ho-
mology region as a novel zinc finger similar to RING and 
LIM fingers but with a distinctive pattern of cysteines and 
histidine (Cys4HisCys3), amongst other distinctive features. 
The new zinc finger is termed the PHD finger and was found 
40 times in the data bases. When known, all matches are 
nuclear proteins. Amongst a number of interesting matches, 
we found two PHD fingers in a currently functionless tran-
script from the mammalian X chromosome which escapes 
X chromosome inactivation. The observation that the PHD 
finger is represented in both the trithorax and polycomb 
groups suggests that this domain may be involved in a 
similar, or competitive, regulatory mechanism. We speculate 
that the PHD fingers of trithorax and polycomblike may 
compete for a common target central to the regulation of 
Hox gene expression and the phenomenon of colinearity. 
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Physical Instrumentation / Cell Biophysics Programme 

Introduction 

In March of this year, the Physical Instrumentation Pro-
gramme was renamed "Cell Biophysics". Christian Boulin 
and Eric Karsenti, a Senior Scientist in the Cell Biology 
Programme, were appointed joint acting programme coor-
dinators to improve the management of the Programme, 
to strengthen the links and interactions with the other Pro-
grammes and to broaden the activities of the Cell Biophysics 
Programme. 

The electron microscopy applications and development 
group under the direction of Max Haider has obtained 
impressive results on the correction of the low voltage 
scanning electron microscope. Similar efforts will be car-
ried out to correct a 200 kV transmission electron micro-
scope; a resolution of the order of 1 A should be reached. 
This project is carried out with the financial support of 
the Volkswagen Foundation. The electron microscope de-
velopment activities will be phased out by mid-1996 with 
the departure of Max Haider. In the future, the activi-
ties 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-electron microscopy. 
The Cell Biophysics Programme could participate in some 
of these activities but this should not be a major fo-
cus. 

The development of advanced light microscopes by Ernst 
Stelzer's group has been very productive in the past year 
with the two-photon absorption, fast confocal and 4Pi con-
focal microscopes. Finally, highly perform ant multiple beam 
optical tweezers have been developed and are now in use 
by biologists. This group will continue its activity in the 
field of light microscopy and in addition will set up a "Light 
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Microscopy Centre" that should provide access to state-of-
the-art microscopes to a large community of scientists in 
Europe. 

The scanning probe microscopy group, established in early 
1993 and headed by Heinrich Harber, is now well equipped 
and focuses on scanning tunnelling and atomic force mi-
croscopy. Good collaborations have been established both 
inside and outside the EMBL and several interesting bio-
logical questions have been identified. The development of 
adequate sample preparation techniques will now get high 
priority, in particular the preparation of homogeneous con-
ducting surfaces appropriate for the observation of biological 
specimens. 

The microcomputing and data acquisition group has focused 
its activities on three areas: development of electronics 
for time-resolved synchrotron radiation experiments, fast 
digital signal processor-based multi-processor architectures 
for biocomputing applications and image processing for the 
detection and quantification of particles and features in 
immuno-microscopy. 

Two new lines of research should be developed in the Cell 
Biophysics Programme. One in the field of miniaturized cell 
analysis (MiniLabs) and the other in the field of physics 
applied to biology. This second line of research should be 
led by a physicist, who has proven that he can interact with 
biologists and who is able to do quantitative modelling of 
complex biological systems (ranging from cell biology to 
developmental biology) so that the models can be tested 
experimentally. Inclusion of chaotique non-linear systems in 
morphogenetic events and biological timing devices should 
also be examined. 



STEM & SEM application and electron microscope development 

Group leader: M. Haider 

Scientist: J. Zach 

Fellows: G. Braunshausen, P. Kock, E. Schwan, R. Wepf 

Visitors: M. Bremer, M. Landauer*, I. Papassideri G. Pilarczyk*, H. Rose*, Y. Steirhoff, K. Urban* 

Assistants: D. Mills, P. Raynor, S. Sheldon 

Application of the scanning transmission 
electron microscope (STEM) 

With the decommissioning of the HB5 STEM it was decided 
to concentrate application work on the Cryo-STEM. Primarily 
the major area of interest for STEM applications was linked 
to mass measurement. 

The applications for mass analysis have been very varied. 
For example they have included the mass analysis of infec-
tive vaccinia virus and of the virus intermediates obtained 
either during normal infection or after chemical/enzymatic 
treatment of the purified virus. The rationale behind such 
analysis being that any model that correctly explains the 
assembly or disassembly of the virus will have to agree 
with the quantitative estimates of the mass obtained by 
STEM. To date mass analysis has been carried out on a 
purified intact virus and several intermediates derived from 
chemical treatment and intermediates from cell infection. 
This work was carried out in collaboration with the Griffiths 
group. Another successful biological application carried out 
using the STEM was the mass determination of several 
different nucleocapsid coat proteins. The accurate global 
mass determination of both the 06 nucleocapsid shell and 
core have enabled us to use the mass figures obtained in 
the reconstruction interpretation of this nucleocapsid. The 
results obtained will be incorporated into a paper describ-
ing the structure of the complete nucleocapsid. This work 
was carried out in collaboration the Fuller group and with 
D. Bamford from the University of Helsinki. Several other 
STEM investigations were carried out: they included the 
mass analysis of the unit cell monomers (from three different 
species) of the innermost chorion layer of the Drosophila 
eggshell in collaboration with K. Leonard and I. Papassideri 
from the University of Athens; the STEM dark field imaging 
and mass determination of secreted acid phosphotase from 

Leishmania Mexicana, and the STEM dark field imaging and 
mass analysis of a T2 mutant bacteriophage tail fibres, in 
collaboration with Y. Stierhoff from the Max-Planck Institute 
for Biology at Tubingen (FRG). Other STEM investigations 
involved the preparation, imaging and mass analysis of 
freeze dried microtubules in collaboration with D. Chretien, 
E. Karsenti and S. Fuller and the study of the cell nuclear 
pore, carried out in collaboration with I. Mattaj, using STEM 
dark field to image unstained physically preserved isolated 
cell nuclear pore complexes, carried out in collaboration with 
I. Mattaj. 

LVSEM and cryo-preparation 

Since the charge deposited on insulators, such as biological 
frozen specimens, is more localized within the SE-electron 
escape depth, the SE-image of biological samples is more 
strongly influenced by charging artefacts. In addition beam 
damaging also becomes a serious problem in imaging un-
coated biological specimens even at low acceleration volt-
ages. We are therefore following two strategies to reduce 
the beam current and overcome charging problems: 

(1) Establishing TV-mode and frame averaging to reduce 
charging and reducing the noise of the detection chain 
by the installation of a more sensitive detector (MCPs) 
and amplifier; 

(2) Rendering the surface of freeze-fractured or freeze-
dried specimens conductive by coating with a very thin 
(1 nm) heavy metal film. 

First results on freeze-dried and coated viruses show that 
such a thin, 1 nm thick tungsten (W) film does not totally 
prevent the specimen from building up different charge 
levels and hence from showing charging artefacts during 
imaging in the slow scan mode. A comparative study on 
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PLATE 76 

Freeze dried T5 phages, coated at _80 0 C with 1 nm Wand trans-
ferred under liquid nitrogen into the different scopes (in collaboration 
with V. Guenebaut and K. Leonard). 

PLATE 77 

Freeze-dried microtubles, coated at _80 0 C with 1 nm Wand trans-
ferred under liquid nitrogen into the FESEM (in collaboration with 
R. Heald and E. Karsenti). 
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(A) SE-image taken at 30 keY in an in-lens type FESEM. 
(8) SE-image taken at 1 keY in the corrected LVSEM. 
(C) TEM image. 

(A) preliminary results of taxol stabilized microtubles incubated 
with dynein motor fragments and subsequent glutaraldehyd fixation; 
(8) taxol stabilized microtubles without gluraraldehyd fixation. 



freeze-dried and coated T5 phages by TEM, HVSEM and 
LVSEM (Plate 76) shows clearly that even at 1 kV accel-
eration voltages the virus heads appear with a very high 
brightness surrounded by a dark hallow. This phenomenon 
is most possibly explained by charging phenoma. The tail 
and the tail fibers, the thinner parts of the viruses, show 
less or no charging effect at all. Further, the comparison 
shows that in HVSEM and TEM the phage tail exposes 
a left-handed surface helix. Additional information about 
the surface cannot be directly obtained in TEM of frozen-
hydrated or negatively-stained samples, due to the projec-
tion characteristics of the imaging technique. These surface 
details of the tail helix are missing in the LVSEM even 
though finer details such as the tail fibers ('"'-'3 nm) can 
be resolved. One reason for this is that we have strong 
vibration problems at the 50 Hz range which are presently 
under investigation. Once the signal detection chain and 
the vibration problems are solved we can continue with 
the work on uncoated biological samples. In collaboration 
with R. Heald and E. Karsenti we have started to investi-
gate microtubles decorated with motor proteins. First results 
have shown that microtubles for freeze-drying have to be 
stabilized before washing and freezing to avoid salt crystal 
aggregates (eutecticum) being formed during the freeze-
drying process. Plate 77 shows HRSEM images (30 kV) 
of unfixed (2b) and fixed (2a) microtubles prepared in the 
presence of dynein fragments. The single protofilament 
can be easily distinguished in fixed microtubles but the 

PLATE 78 

Resolution test at 1 keV: the 
test sample consists of 30 and 
60 nm latex spheres and 8 nm 
colloidal gold, slightly sputter-
coated with gold. The finest de-
tails in the grainy gold-film show 
a size of below 2 nm. 

single subunits are not as clearly resolved due to their 
compact structure and due to a small surface corrugation. 
The single subunits are well resolved if the microtuble and 
protofilaments are distorted and hence expose a compact 
cylinder-like tubulin subunit of 3.5 nm length and a diameter 
of about 2.5 nm. The additional, more spherical, structures 
on the micrutuble in Plate 77a and their different shape and 
size compared with the tubulin subunits in protofilaments 
(Plate 77b) are promising results. With improved specimen 
preparation we hope to obtain additional information about 
the motor-microtuble complex. 

Development of electron microscopes 

The low voltage scanning electron microscope (LVSEM) 

Corrected high resolution L VSEM 

The resolution in our corrected LVSEM could be further 
improved by a reduction of external disturbances such as 
mechanical vibrations and electric stray-fields. The adjust-
ment procedure could also be improved. We are now able to 
correct spherical and chromatic aberration to less than 3% of 
their initial values and compensate all parasitic aberrations 
up to the second rank. This correction status theoretically 
allows for a resolution limit of 1 nm at a beam-energy of 
1 keV. We are now able to obtain routinely an experimental 
resolution limit of below 2 nm at 1 keV (Plate 78) and of 
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PLATE 79 

Spherical aberration constant Cs of a 200 kV TEM measured for 
various excitations of the hexapole-field. This spherical aberration 
decreases with the second power of the hexapole excitation and as 
can be seen Cs 0 at 80 mA hexapole current. 
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about 3 nm at 500 eV. This makes our microscope the 
LVSEM with the highest resolution in the world. In order to 
approach the theoretical limit of 1 nm we are now trying to 
improve further the magnetic shielding of the microscope 
and reduce the sensitivity of the instrument to high fre-
quency fields (e.g. the K6nigstuhl radio station). 

The corrected 200 kV transmission 
electron microscope (TEM) 

The goal of this project is to correct the spherical aberration 
of the objective lens of a modern 200 kV TEM in order 
to improve the point resolution. This point resolution deter-
mines the highest spatial frequency (the smallest detail) of 
the phase contrast transfer function which is imaged with 
the same high contrast. Any improvement of the contrast is 
very important especially in the field of biological structure 
research because biological objects are very beam sensitive 
and the resolution is mainly limited by the electron dose one 
can apply. This project is one of the most important and 
challenging projects in the field of high resolution electron 
microscope development and therefore not a task which 
can be solved within a short time. However, due to the 
financing of this project from outside resources (Volkswagen 
Foundation), it was agreed to carry out this plan although 
the time frame was expected to be at least 5 years. 
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The first phase of this project was finished successfully with 
the proof of the correction of the spherical aberration of a 
200 kV TEM by means of a two hexapoles and additional 
lenses. For this purpose a CM 20 was bought from Philips 
to investigate the feasibility of such a hexapole-corrector. As 
can be seen in Plate 79 the spherical aberration constant of 
the objective lens decreases with the square of the hexapole 
excitation as expected from the theory. This result is very 
important as it shows that the spherical aberration can be 
corrected. This corrector has now to be implemented in 
a new modern high resolution microscope supported by a 
stable power supply. However, microscopes are built in such 
a way that they can just fulfil the specifications and therefore 
a few measures have to be carried out by Philips in order 
to fulfil the prerequisites of this new microscope. 

With an additional second grant for the second phase of 
this project a new 200 kV TEM equipped with a field emitter 
could be ordered. This microscope is the basic instrument 
for this project with which we should finally achieve the high 
resolution of d:S1 A which we are aiming for. To eliminate 
all foreseeable uncertainities of this project a collaboration 
with Philips was started to obtain all the relevant information 
and to make sure that the microscope will be delivered with 
the special modifications and quality we need. 
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Microcomputing and data acquisition 

Group leader: C. Boulin 

Scientists and engineers: T. Bastian, F. D'Annunzio, A. Epstein, J. Khazaie, J.-C. Olivo 

Visitors: O. Andre*, J. Deubler*, D. Leroy, C. Nicolas* 

Small-angle scattering time-resolved measurements on bi-
ological samples require very fast detector and data ac-
quisition systems. The measurement of small changes or 
variations in intensities can only be made accurately if there 
are enough statistics available. In the future, synchrotron 
radiation sources such as the ESRF will produce more 
photons and therefore the expected count rates will be 
even higher than those presently obtained at our Hamburg 
Outstation. Physics laboratories are becoming interested in 
X-ray detection problems. Various solutions are beginning to 
show some future potential. Our main concern is that most 
of these solutions will still require some time until they are 
fully exploitable for our purposes. For this reason we follow 
two directions: (a) use the presently available gas chamber 
technology and develop it to its physical and technological 
limits and (b) identify one or two new detection techniques 
where developments have a high chance of success and 
start to invest some resources in such new technologies in 
collaboration with qualified physics laboratories to maximise 
the chances of success. 

We consider image processing to be a tool that will be-
come increasingly important in modern molecular biology. A 
number of projects do not need specific developments and 
can be addressed directly by existing packages such as the 
Khoros package. We will continue to maintain this develop-
ment environment because it is used extensively for elec-
tron microscopy and in the low level fluorescence imaging 
project in collaboration with the Biochemical Instrumentation 
Programme. However, general purpose packages are either 
non-specific to the biological sciences or, if more dedicated, 
often not sophisticated enough to solve new problems. We 
have developed original image processing methods to solve 
the specific problems faced by biologists. Ongoing activities 
already help in addressing biological problems related to the 
characterisation, the quantitative analysis and the compari-
son of images. This concerns, for example, the study during 
development of the spatial localisation of gene expression 
domains, the quantification of immunolabelling, the assess-
ment of colocalisation factors in fluorescence microscopy 
and the multiprobe-multimodality image interpretation. Fu-
ture demand for innovative algorithms will concern time se-
quence analysis, motion analysis, shape analysis, 3D-image 

analysis, image restoration in scanning probe techniques or 
the creation and support of image databases. In particular, 
with the ever increasing use of video microscopy, the quan-
titative analysis of cell movement, of movement in cells or of 
the deformation of the cells is beginning to be recognised in 
cell biology. Microtubule dynamics, cell traffic, cell locomo-
tion, drug incorporation and drug or contact induced shape 
variation are just a few examples of the afore-mentioned, 
for which an exact assessment of the dynamic process is 
desirable. 

Another area of development to which we have begun to 
pay attention concerns neural network chips (Intel, Hughes, 
NiSP). These chips will make it possible, in the near future, 
to execute algorithms in silicon rather than by "simulation" 
on large computers. Adequate hardware attached to the 
standard personal computing environment used for the daily 
work of the biologist will certainly represent a step in the 
right direction. This topic will be followed very closely since 
several biocomputing projects both at and outside EMBL 
make use of the neural network approach. 

Data acquisition for synchrotron radiation 

Linear wire per wire gas detector 
and associated electronics 

The manufacturing of the prototype fast one-dimensional 
multiwire X-ray gas detector was completed during the 
first quarter of the year in the EMBL Mechanical Work-
shop. It was then sent to the Grenoble Outstation to be 
fitted with its wire planes and to be filled with gas. The 
detector came back at the beginning of the autumn and 
was thoroughly tested with 16 channels connected to their 
front-end electronics. The 16 digital outputs were connected 
to a dual 8-channel digital acquisition module and a time 
frame generator, both developed in the group. The content 
of the on-board histogramming memory was transferred 
onto a Macintosh IIx in order to study the distribution of 
event counts on the 16 adjacent channels using either 
a collimated or a uniform X-ray illumination from a Fe55 

source. The detector and its embedded electronics were 
successfully tested and a series of measurements were 
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conducted in order to finely tune the working parameters 
of the chamber (cathode and drift space high voltages). 
The positive results of these tests validate most of the 
acquisition system design. The next step will be to go from 
the scaled-down prototype to a complete, ready to use 
detector. Further important tests such as chamber overall 
uniformity and global and local count rate performances 
will only be possible when the detector is fully fitted with 
its 200-channel front-end electronics during the course of 
1995. The front-end manufacturing phase began at the end 
of the year. It involves the extensive use of state-of-the-art 
techniques and electronic components such as insert and 
surface mounted devices and analogue application specific 
integrated circuits (ASICs) in order to maintain reasonably 
small overall detector dimensions. 

Fast time-to-digital encoding system 

A prototype CAMAC board, including an application specific 
integrated circuit (TOC 2001) from the Gleichmann-NEC 
company, was designed and built. This evaluation board 
was designed to assess the feasibility of a fast time-to-digital 
converter (TOC) for X-ray time-resolved experiments using 
gas filled area detectors. This test module has 4 indepen-
dent channels and a common start channel. In a typical 
experimental set-up, a two-dimensional delay line based 
gas chamber produces 5 signals: 2 cathode signals per 
axis and an anode pulse used as a timing reference for 
the arrival time of the event. These analogue pulse signals 
are then fed into a constant fraction discriminator which 
in turn gives 5 NIM fast timing signals. The position of a 
given event is computed by the TOC, knowing the delay line 
length (typically a few 100 ns). The choice of the delay line 
length is critical: the shorter the delay, the smaller the dead 
time and thus the more events per second one can acquire 
taking full advantage of new high-flux synchrotron radiation 
facilities. Adversely, for a given absolute time resolution 
(a few 100 psi, the longer the delay line, the higher the 
resolution will be. In our case the TOC2001 has an absolute 
time resolution of 270 ps per LSB which means that an 
1024 x 1 024 pixel image would only be obtained using a 
280 ns delay line length, limiting the theoretical converting 
rate to a little more than 3 MHz. Extensive tests of the 
chip capabilities during the first half of the year showed 
that the counting rate affects the conversion results: the 
faster one converts a given time difference, the lower the 
conversion result. This is due to the high internal warm-up of 
the chip when duty cycle tends towards 100%, reducing gate 
propagation delays upon which the conversion is based. 
This limitation affects the conversion for event rates above 
500 kHz, dramatically reducing the resolution to 1 ns at 
1 MHz, assuming a 150 ns delay line. To attenuate this 
limitation, a calibration scheme was implemented on the 
board using a stable reference delay conversion after each 
event, thus giving a normalizing digitised calibration value 
to compensate for the internal chip warm-up. This com-
pensation scheme was successfully implemented off-line 
using raw data. Fast on-board look-up tables will replace 
the off-line correction program used during the test. The final 
encoding system should reach a resolution of 500 ps at data 
rates up to 2 MHz, a much better performance than the one 
obtained with commercially available modules. 
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Histogramming memory module 

We have developed a CAMAC store module to be used as 
a histogramming memory for high speed data acquisition 
systems for synchrotron radiation applications in molecular 
biology. The module was designed with the following main 
features in mind: 

High speed acquisition to sustain up to 3 MHz average 
rate of events. 
Readout of the memory content may be performed 
while data acquisition is in progress. 
In order to keep costs and complexity low, the module 
was designed with standard SIMMs. This also allows 
easy reconfiguration of the module to different dynamic 
random access memory (DRAM) array sizes. 
Unlimited dynamic range can be achieved by allowing 
the host processor to read the addresses of memory 
location in which overflows occur. 

The design of the module was carried out in a very short time 
using the most advanced technology available. All memory 
control signals are generated by an altera SAM-448 stand 
alone microsequencer. The SAM monitors request flags for 
direct memory modify cycles (OMM), host read, host write, 
global DRAM array clear and refresh. Fast address mul-
tiplexing is implemented using high speed programmable 
array logic devices (PAL). All CAMAC decoding is integrated 
into a single AMO MACH210. This programmable device 
also contains the module's status register and the interrupt 
mask register. The device can be programmed to stop 
data acquisition on occurrence of memory overflow or in 
case the overflow address FIFO fills up. Available interrupt 
sources are memory overflow as well as overflow address 
FIFO half full and full. The finished module (see Plate 80) 
sustains the expected 3 MHz mean OMM/OMI rate. Peak 
input data rate is only restricted by the input FIFO's specs 
and therefore may reach 40 MHz. The use of available 
SIMM modules resulted in an easily configurable, relatively 
low cost histogramming memory. Careful design of a DRAM 
controller enabled us to achieve high performance. This 
module was licensed out to the company "Struck-Elektronik 
fOr Hochenergiephysik und Industrie" at the end of the year. 

New time frame generator 

The time frame generator CAMAC module was designed 
to produce real-time synchronisation and auxiliary control 
signals required to conduct automatically time-resolved syn-
chrotron radiation small-angle scattering experiments for 
the study of biological samples under dynamically changing 
experimental conditions. The module is used to control and 
enhance the numerous and increasingly complex experi-
ments which are routinely carried out in Hamburg using a 
variety of linear and area X-ray detector systems. 

For time-resolved experiments on biological macro-
molecules it is necessary 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. The histogram-
ming address of an X-ray event is therefore obtained by 



the concatenation of the actual location of the event and 
the time-frame component used to distribute the resulting 
spectra over the corresponding part of the memory. 

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 experimentai 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 duringJhe wait frames. The pulsed out-
puts 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 organized. 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 

PLATE 80 

Top view of the CAMAC histogramming memory module. The logical 
blocks are shown: (a) CAMAC decoder, (b) fast ALU, (c) DRAM 

stopped via normal CAMAC commands or, when accord-
ingly 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). This module can also be used as a very 
accurate timing generator for other experiments requiring 
synchronisation over short and long periods of time. We also 
plan to license this module so that other institutes from the 
Member States can benefit from this design. 

Fast sequence alignment multi-processor system 

The fast sequence alignment mUlti-processor system has 
been completed. The hardware is based on fifteen digital 
signal processors (DSP) from Motorola (XC96002) housed 
in a triple height VMEbus crate and controlled by a Sun 
SparcStation IPC running SunOS 4.1.2. The peak perfor-
mance in terms of floating-point power is in the range of 
900 MFlops. The architecture of the system combines both 
parallel and pipelined processing elements allowing for an 
optimal use of the processing power. Extensive software 
for this configuration has been written in three main areas. 

array, (d) DRAM controller and (e) Input and memory overflow 
address FIFOs. 
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First a library for handling the multi-processor system on 
a per-processor basis has been developed. Implemented 
functionalities include the system initialisation and configu-
ration, the downloading of specific programs into the pro-
cessors, the reading and writing of processor memory, the 
running of downloaded programs and some generic commu-
nication facilities. Second the sequence alignment algorithm 
of P. Argos has been implemented. This software splits 
up into two parts. One part runs on the parallel-pipelined 
DSP system and is written entirely in assembly language 
for optimum speed while the other part runs on the Sun 
and is written in the C language. In the current set-up a 
comparison of two sequences of length 350 and 8 windows 
will take around 0.9 second. A comparison with a similar 
input against the whole Swiss-Prot release 30.0 database 
takes about 10 hours. This represents a speed-up factor of 
5 compared to a previous parallel implementation using a 
network of 20 transputers. Third, a service front-end to the 
system was set-up. A mail server is available world-wide 
to process comparison requests submitted to the sequence 
alignment processor. The syntax understood by the mail 
server is similar to the well known Blitz service. Additional 
keywords are available to set algorithm-specific parameters. 
The service is available under the electronic mail address 
aliargos@embl-heidelberg.de and will soon be accessible 
from the World-Wide-Web system as well. A subject line or 
a mail body containing the keyword help will return more up 
to date information about the service. 

Instrumentation cluster - software support activities 

With the shut-down of the old scanning transmission elec-
tron microscope HB5, the last Tadpole computer (VME 
acquisition system) has left the cluster which is now a homo-
geneous cluster of Sun Workstations. A five-year old Sparc-
Station IPC has been entirely dedicated to the fast sequence 
alignment system. Another one and the nearly eight-year old 
SparcSystem 4/330 have been converted into X-window ter-
minals. Two brand new dual-processor SparcStation 20/SX 
(24 bit true colour) have been acquired for replacement for 
image processing and software development. The pioneer-
ing effort of integrating Macintosh and IBM-PC compatible 
computers has been continued this year with the installation 
of the Samba software on the cluster. Samba allows the 
PC world to access file systems as well as print services 
exported by a UNIX server machine. The major system 
upgrade from SunOS 4.1.x to SunOS 5.x was successfully 
completed in July this year. A relative short transition period 
was needed to port our software and to get used to the 
new system. Since the autumn of 1994 we have tried out 
extensively the new facilities and we have already success-
fully applied the multi-processing/multi-threading concepts 
to several applications. 

Image processing 

Extraction and quantification of particles 
in immuno-microscopy 

The automatic detection and counting of particles is an im-
portant task for the analysis of immunomicroscopy images. 
Existing methods require setting some ad hoc parameters 
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in order to make the detection possible in the presence 
of large background structures or uneven distribution of 
the gray-levels characterising the particles. We have devel-
oped a method whereby the extraction of metal particles 
from gray-level noisy images is carried out automatically 
irrespective of the conditions of the image. The method is 
based upon selectively reconstructing an orthogonal wavelet 
decomposition of the image through the use of a wavelet 
regression. The method has proved to be very efficient on 
a set of test images. 

Automatic image registration 

In modern molecular biology it becomes increasingly impor-
tant to have powerful methods for reconstructing volumes 
from consecutive sections cut through a solid sample (Olivo 
et al., 1993). One of the major problems is the necessity for 
realignment of a series of sections. The goal of this work 
is to apply the wavelet transform (WT) to the registration 
of light microscopy images of serial cross-sections of bio-
logical 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 WT 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 reversible 
wavelet transform, an aligned image is reconstructed from 
the corrected projections of the misaligned image. 

Publications during the year 
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homologies. In Proceedings of the ICSPAT '94; Dallas, Vol 
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Haider, M., Epstein, A., Jarron, P. & Boulin, C. (1994). A 
versatile, software configurable multichannel STEM detector 
for angle resolved imaging. Ultramicroscopy, 54, 41-59 

Herr, S., Bastian, T., Pepperkok, R., Boulin, C. & Ansorge, 
W. (1994). A fully automated image acquisition and analysis 
system for low light level fluorescence microscopy. Meth. 
Mol. Cell. BioI., 4,164-170 

Olivo, J.-C. (1994). Automatic threshold selection using the 
wavelet transform. CVGIP: Graph. Models & Image Proc., 
56,3,205-213 
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Light microscopy group 

Group leader: E.H.K. Stelzer 

Scientist: C. Storz* 

Fellow: S. Lindek 

Visitors: A. Rosin*, A. Suppinger, T. Wohland* 

Assistants: S. AlbrechtO, R. Pick*, N. Salmon, R. Stricker 

The group has investigated new confocal fluorescence 
microscopes, two-photon absorption in fluorescence mi-
croscopy, and the forces relevant in photonic tweezers. 
Our efforts in instrumentation resulted in new electronics 
for the multibeam photonic tweezers, a further-improved 
fast confocal fluorescence microscope and the assembly of 
a confocal {) microscope with three lenses. Users of the 
compact confocal microscope have been supported both at 
the instrument, and in post-processing their data. As a major 
result the principles behind the new technique of confocal {) 
microscopy have been verified experimentally. 

{) microscopy 

A new development is a microscope in which the observa-
tion is orthogonal to the illumination axis. We have chosen 

to call it a confocal {) fluorescence microscope. The prin-
cipal idea is to decrease the volume occupied by both the 
illumination and the detection point spread functions and 
therefore to decrease the volume from which fluorescent 
light is observed. The net effect is an increase of the 
axial resolution by a factor of about 3 over conventional 
fluorescence microscopy. The combination of the {) micro-
scope with coherent illumination as in a 47f-(A) confocal 
microscope improves the resolution by another factor of 2. 
An instrument that uses three water-immersion lenses with 
moderate numerical aperture has been designed and built 
(Plate 81). It allows us to perform experiments with {) and 
47f-arrangements using single- and two-photon excitation. A 
result of our previous research was that index-mismatched 
optical systems suffer from aberrations that result in a dra-
matic loss in resolution even with relatively thin (100 {Lm) 

PLATE 81 

Front of the confocal f) mi-
croscope. The chamber is on 
the left-hand side. The instru-
ment requires at least two mi-
croscope objective lenses to 
investigate a sample. In ex-
periments carried out so far 
either the upper or the lower 
lens is used for point illumina-
tion and point detection thus 
providing the standard confo-
cal contrast. The lens at the 
side is used for detecting the 
f) signal emitted at an an-
gie of 102 0

• Since the op-
tics are fixed, the specimen 
must be moved through the 
common focus of the lenses. 
The stage on the left holds 
and scans a pipette to which 
the fluorescently-Iabelled ob-
ject is attached. 
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PLATE 82 

A series of images of a mouse embryo (6.5 days old; Palmieri et al., 
1994) recorded in the confocal and confocal {) contrasts. The upper 
row shows a series of renderings of a three-dimensional confocal 
data set. Each rendering is performed using a different observation 
angle relative to the original data set. The bar on the left indicates 
the common direction of illumination and detection axes relative to 

samples. Our iJ microscope, since it immerses all lenses and 
the sample in water, is perfectly matched, has a very high 
resolution due to the iJ arrangement, and a working distance 
of 2 mm due to the moderate numerical aperture. The 
confocal iJ fluorescence microscope is therefore well suited 
to the observation of whole embryos. This is demonstrated 
in Plate 82. Two series of rotated, rendered volume data 
sets show the same cell inside a mouse embryo observed 
in a confocal and a confocal iJ contrast. 

Multiple photonic tweezers 

An instrument that time-mUltiplexes a single laser line pro-
vides several independently operable beams. Each acts as 
a pair of photonic tweezers. These multiple pairs of photonic 
tweezers can manipulate single objects such as latex beads, 
as well as complex structures such as micro-tubules, cells 
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the first rendering. The lower row shows renderings of a confocal {) 
data set, recorded simultaneously with the confocal data. The two 
bars on the right indicate the different directions of the illumination 
(I) and detection (0) axes relative to the first rendering. The images 
were reconstructed from original data sets consisting of 60 x 60 x 40 
elements, corresponding to a volume of 4Jlm x 4Jlm x 4Jlm. 

or reconstituted systems consisting of several objects. This 
is possible because each pair of photonic tweezers can be 
handled individually. Groups of tweezers can be defined and 
manipulated as a whole. An essential element of the instru-
ment is the computer-controlled diode-pumped Neodymium-
VAG laser. It can be operated in a quasi-continuous or in 
a pulsed mode. The instrument is therefore able to induce 
two-photon fluorescence which allows us to observe fluores-
cently labelled samples. Equally important is the capability of 
pulsed light with a wavelength of 1064 nm to ablate certain 
structures. The instrument has been licensed to a company. 
The instrument was used to measure the forces photonic 
tweezers exert on latex beads. The axial force on a latex 
bead with a diameter of 1 micron is in the pico Newton 
range and hence comparable to the forces encountered in 
the interaction of myosin with actin or kinesin with tubulin. 
Some effort has been invested in a new electronic system 
that controls the beams in synchrony with the laser pulses 



and the box-car integrator. This development is important 
for the measurement of forces on a molecular level since it 
improves the sensitivity of the feedback system. 

compact confocal microscope (CCM) 

The compact confocal microscope was finished in 1991. 
It belongs to the Cell Biology Programme but is used by 
all Programmes at EMBL and several groups from outside. 
The Light Microscopy Group provides a basic service. Most 
projects co localize differel").t proteins. Multi-fluorescence is 
therefore an important issue of most experiments. An in-
teresting change is that much time is now spent observing 
whole embryos, thick and thin embryo sections and tissue 
sections whereas in previous years the instrument has been 
required mainly for investigating single cells. 

Very fast two-photon confocal fluorescence microscope 

The very fast confocal fluorescence microscope now gen-
erates about 8000 lines per second and is thus able to 
produce up to 30 images per second on two channels 
simultaneously. At such high sampling rates the number 
of photons per picture element is probably less than four 
and every available technique was required to maximize 
the system's signal to noise ratio. A number of biological 
samples have been observed and we expect the completion 
of these experiments early in 1995. 

Course and meeting 

A practical course on "Video and confocal microscopy" 
was held together with Maria Carmo-Fonseca in Lisbon 
(Portugal) during 3-8 October. This was the fourth such 
course since 1989. 

A DFG (Deutsche Forschungsgemeinschaft) meeting on 
"Neue mikroskopische Techniken fOr Biologie und Medizin: 
Photonische Mikroskopie" was organized together with Prof. 
Cremer (University of Heidelberg) and held at EMBL during 
18-20 May. 
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Scanning probe techniques 

Group leader: J.K.H. Harber 

Fellows: M. Maaloum*, A. Pralle* 

Visitors: M. Langer*, S. Jeney 

Assistant: W. Offner 

We are using scanning probe techniques to study molecular 
structures and molecular interaction in an aqueous environ-
ment. We currently focus on the two techniques: scanning 
tunnelling and the atomic force microscopy. These are used 
in specially designed set-ups to study cytoskeleton and 
plasma membrane structures in close collaboration with the 
Cell Biology Programme. Furthermore in collaboration with 
other groups inside and outside EMBL we are investigating 
the range of applications for these instruments in biology. A 
large part of the work to extend biological applications is the 
development of sample preparation techniques. 

Instrument development 

In the second year of the Scanning Probe Techniques 
Group at EMBL following the scanning tunnelling micro-
scope (STM), set up in the first year, the atomic force 
microscope (AFM) started to work routinely. This instrument 
was built at EMBL with the help of Hans Wittmann and the 
mechanical workshop. The electronics was developed by 
Wolfgang Offner, who also integrated the new data acqui-
sition video board which was developed by David Leroy in 
the group of Christian Boulin. The force detection technique 
of an AFM uses interaction forces acting between a probe 
and a sample and can work in virtually any environment. 
The probes are pyramidal shaped tips at the end of micro 
fabricated cantilevers with a length of 50-100 p,m with a 
spring constant between 0.01 N/m and 10 N/m (Plate 83). 
While scanning the sample below the tip the cantilever 
is bent due to variations in topography or to sample in-
homogeneities leading to changes in the interaction. This 
deflection is detected optically and allows the control of the 
acting force between tip and sample down to about 10 pico 
Newton. The spatial resolution of the AFM depends heavily 
on the investigated structures and can reach true atomic 
resolution on flat crystalline surfaces. The very complex 
mixture of interaction forces occurring especially in aque-
ous environments can be controlled partially by changing 
ion concentrations or adding surface active substances, or 
by modifying the surface structure of the tip. The latter 
can only be done in collaboration with institutes able to 

manufacture the cantilevers. In a collaboration with Nicolas 
Blanc (Institute of Microtechnology, University of Neuchatel, 
Switzerland) we modified the cantilevers to get a tool which 
can be adjusted better to the measuring situation on biolog-
ical samples. In a first approach standard cantilevers were 
covered by a diamond layer which changed the behaviour in 
the AFM significantly. The major problem to be solved at the 
moment is to keep the tip geometry sharp enough through 
the coating process. 

PLATE 83 

Micro fabricated, triangular shaped, silicon nitride cantilever 100 J.Lm 
long with a pyramidal silicon tip of 4 J.Lm height. With a thickness of 
0.5 J.Lm this cantilever has a spring constant of 0.02 N/m giving a 
deflection of 1 nm with a force of 1 nano Newton. The image was 
made by Joachim Zach, who helped us controlling the cantilevers 
with the EM. 
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PLATE 84 

Images of micro-
tubules prepared on 
an indium tinoxid 
covered glass sub-
strate: 

(a) fluorescence mi-
croscope image of 
a rhodamin labelled 
microtuble asterisk; 

(b) microtubules im-
aged with the AFM 
in PBS solution 
(size 5x5 JLm2); 

(c) with the STM 
showing the tubulin 
substructure 

(d) close view of a 
microtubule with the 
AFM and 

Another part of the instrumental development is the integra-
tion of the scanning force technique into other measuring 
techniques such as patch-clamping. In 1993 we tested the 
first combined patch-clamp/scanning force set-up at the 
Max-Planck Institute for Medical Research in Heidelberg. 
In 1994 this concept was further developed by Mathias 
Langer into a set-up for combined patch-clamp and force 
measurements on cell tissues. This project is carried out in 
collaboration with the biophysics group of Peter Ruppers-
berg (ENT - Hospital, University of TObingen). The set-up 
allows us to patch single cells in a tissue under the control 
of a Nomarski type optical microscope and in parallel to 
approach the same cell with the cantilever tip. The design 
aims at measurements on hair cells of the inner ear to 
correlate mechanical excitation by the tip with the electrical 
response of these cells. 
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Preparation technique 

Scanning probe instruments are instruments to study sur-
faces. For the measurements of molecular structures these 
have to be fixed to the surface of a substrate. The interaction 
forces which bind molecules to solid supports in solutions 
are very complex and strongly influenced by surface impu-
rities or contamination already on the surface. They have to 
be adjusted to be sufficiently strong to hold the molecules for 
a certain period of time, but they should be not so strong that 
they alter the molecular structure. For reliable preparations 
ultra clean conditions have to be used to prepare the sub-
strates as they were developed in surface physics. In the 
step of preparing biological structures onto the surface of 
the substrate the conditions have to be equivalently clean. 
This can be achieved by using well purified solutions, by 



improving the sample cleaning procedures, and by working 
in an argon atmosphere. The preparation of the support 
under extreme clean conditions is now possible after the 
UHV-sputtering machine was finished by the end of 1994. 
We can now prepare various types of conducting and non-
conducting supports satisfying the needs of surface studies 
at a molecular level. The further development of the surface 
preparation techniques will also help us to prepare tips with 
special surfaces, e.g. tips covered with specific antibodies 
that find molecules on a surface by the different interaction 
forces between specific binding sides and the rest of the 
surface can be designed. These tips can also be used for 
measuring binding forces between molecules, e.g. in the 
system microtubule and motor protein and for understanding 
the interaction forces between molecular structures in their 
specific. environment. 

Microtubules 

After the AFM set-up was finished last year Sylvia Jeney 
started to compare STM and AFM images of microtubule 
structures. This was done in collaboration with Rebecca 
Heald from Eric Karsenti's group continuing the work started 
by Mounir Maaloum in collaboration with Denis Chretien. It 
turned out that the AFM provides overview images more 
easily on various supports such as mica, silicon, glass or 
metal-coated glass. On glass supports coated with indium 
tinoxid (ITO-glass) the same preparation can be studied 
in the AFM, the STM and the fluorescence microscope 
(Plate 84). This gives a good impression of the distribution 
of microtubules on the support, together with high resolution 
images which are mainly obtained using the STM. The 
preparation technique is currently so advanced that the 
study of motor proteins binding to microtubules now seems 
to be possible. Although the preparation of microtubules on 
solid supports in solution has been improved significantly 
during the last year, a general understanding of how dis-
solved molecules or ions change the binding mechanisms 
of proteins to surfaces in solutions is still a great chal-
lenge. It will be met in collaborations started with Manfred 
v. SchickfuB (Institute for Applied Physics, University of 
Heidelberg) and Lifeng Chi (Institute for Applied Physics, 
University of MOnster). These collaborations aim towards 
a better understanding of protein binding to solid supports, 
the development of more reliable preparation procedures 
of immunoassays and of biosensors based on functional 
biomolecular structures fixed to solid supports. 

Cell membranes 

For scanning probe instruments developed for surface stud-
ies the cell's plasma membrane seems to be an obvious 
target. Since some types of cells have to stabilise a certain 
shape the plasma membrane has to withstand forces from 
outside. The AFM is an ideal instrument to apply forces very 
locally on areas down to 10 nm x 10 nm and to characterise 
the mechanical properties of cell membranes. In this way 
the plasma membrane can be described in terms of elas-
ticity, viscosity and stiffness. The local variations of these 
parameters can be detected and connected to functional 

properties. Such investigations can be carried out with the 
instruments we developed for excised membrane patches 
and for whole cells in collaboration with Bert Sakmann 
(Max-Planck Institute for Medical Research, Heidelberg) 
and Gerd Binnig and Walter Haberle (IBM Physics Group, 
Munich) respectively. The latter was recently transferred to 
the EMBL and will be used by Arnd Pralle. First results 
on mechanical properties of excised membrane patches 
obtained give a rough estimate of the elasticity of these 
patches. The values turned out to be in the range of fibre 
reinforced plastic material x 1 09 N/m2 - 5x 1 09 N/m2). 
Images of these membrane patches made with the AFM 
clearly show cytoskeletal structures which give an impres-
sion of a tent stabilised by a scaffold of ropes (Plate 85). 
The cytoskeletal parts seem to be responsible for the high 
stiffness since they give the highest resolution of less than 
10 nm in the AFM images. The lipid membrane part seems 
to be more viscous as a so-called gigaseal of the membrane, 
preventing ions from diffusing into or out of the pipette, 
and is preserved even if the whole patch is moved by 
applied suction or pressure in the pipette inward or outward, 
respectively. Since cytoskeleton structures were visible in 
all membrane patches we hope that the investigation of 
mechano-gated ion-channels with this combined set-up is 
possible, as these cytoskeleton parts which are fixed directly 
to the membrane seem to be essential for the activation of 
mechano-gated ion channels (Morris, 1990; Hamill et al., 
1992) . In our initial experiments with native mechano-gated 
ion channels of oocyte membranes, only the frequency of 
occurrence of opening events could be influenced by the 
force applied with the cantilever. With different types of 
cells or by expressing recombinant mechano-sensitive ion 
channels, this might be done at the single channel level. The 
combination of the two techniques may lead to a variety of 
new applications of the patch-clamp technique in studies of 
membrane structures and properties which are necessary 
to understand processes such as hearing or touching and 
other functions, including cell-volume regulation. 

PLATE 85 

Plasma membrane excised from a frog oocyte at the end of a patch 
pipette imaged by the AFM in the combined force microscope/patch 
clamp set-up. 
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Workshops 

During the Scanning International Conference in Toronto, 
8-12 May 1994, a workshop on STM/AFM applications was 
organised in collaboration with David Allison (Oak Ridge 
National Laboratory, USA) and Julian Chen ( IBM Yorktown 
Heights, USA) 

A workshop on Scanning Probe Techniques and the applica-
tions on molecular structures was organised during 10-12 
October 1994 at the EMBL in collaboration with Hermann 
Gaub (TU, MOnchen), Reinhard Guckenberger (MPI, Martin-
sried), Wolfgang Heckl (LMU, MOnchen), JOrgen Rabe (Inst. 
Phys. Chem., University Mainz), and the help of the German 
Electron Microscopy Society. 

Publications during the year 

Haberle, W., Smith, D.P.E., Harber, J.K.H. & Czerny, C.P. 
(1994). Scanning force microscopy on living virus-infected 
cells. In Atomic Force Microscopy/Scanning Tunnelling Mi-
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croscopy: Proceedings of the Natick Research AFM/STM 
Symposium: ed. Cohen, S.H.; Plenum Press, New York, pp. 
7-18 

Harber, J.K.H., Haberle, W., Ruppersberg, P., Niksch, M., 
Smith, D.P.E. & Binnig, G. (1994). Electric field influence 
on the observation of molecules with a scanning tunneling 
microscope. J. Vac. Sci. Technol., 12,2243-2246 

Maaloum, M., Chretien, D., Karsenti, E. & Harber, J.K.H. 
(1994). Approaching microtubule structure with the scanning 
tunneling microscope. J. Cell Sci., 107, 3127-3131 

Other references 

French, A.S. (1992). Ann. Rev. Physiol., 54,135-152 

Hamill, O.P. & McBride, DW.J. (1992). Proc. Nat!. Acad. 
Sci., USA, 89, 7462-7466 

Morris, C. (1990). J. Membr. BioI., 113, 93-107 



Biochemical Instrumentation Programme 

Introduction 

The groups in the Programme work on development and 
optimization of new methods for sequence analysis and 
synthesis of DNA and proteins, and on the innovative 
design of biochemical instruments in this field, includ-
ing mass spectrometry. In addition to the technology re-
search, service for the scientists at EMBL in DNA and 
peptide synthesis, DNA and protein sequencing, molecu-
lar weight determination by mass spectrometry, gel and 
film scanning, automated microinjection in cells and sort-
ing with FACS are provided. The groups are in close 
contact with other Programmes, as well as with the me-
chanical/electronic workshops and the design office at 
EMBL. 

A new group leader, Ramon Eritja, was appointed for the 
Nucleic Acid Chemistry Group. Having started in July 1994, 
he will continue the work on modifications of nucleotides and 
their applications in molecular biology. The DNA synthesis 
service has been streamlined, promising shorter delivery 
time, and lower price per synthesis. 

Two EMBO courses, "Microinjection, electroporation and 
particle transfection of cells" and "Advanced methods in 
DNA sequencing", were organized at EMBL during the year. 
A FEBS/EMBL advanced laboratory course was organized 
in September at the Purkyne Institute, Charles University, 
Prague. 
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Development of microanalytical techniques 

Group leader: W. Ansorge 

Scientists, Engineers: V. Benes*, H. Drzonek*, H. Ertle, N. Hewitt*, R. Saffrich, C. Schwager, G. Smith, J. Stegemann, A.-M. Voie, H. Voss, 
J. Zimmermann 

Fellows: D. Grothues*, A. Schilke, S. Wiemann 

Visitors: A. Banrevi*, H. Bl6cker*, D. Bossemeyer*, L. de Brito*, M. Eilers*, M. Elleder*, I. Essigmann-Capesius*, B.R. Green*, L. Hood*, 
P. Hubbe*, W. Just*, R. Kaiser*, A. Kolbus*, B. Korn*, V. Kozich*, T. Kristensen*, P. Oudet*, .. Pines*, H. Prydz*, W. Pyerin*, H.J. Rahmsdort*, 
S. Rapp*, S. Rechmann*, M. Renz*, B. Rudolph*, C. Sensen*, C. Teodoru*, J. Thierry-Mieg*, R. Waterston* 

Automated DNA sequencing station 
with fluorescent labels 

The development of hardware, software, biochemical 
methodology, robotics and automation of the EMBL auto-
mated DNA sequencing system was continued. Design of 
the on-line automated DNA sequencing technology with a 
throughput of 50-100 kilobases of sequence per device 
per day, representing about tenfold improvement over the 
standard techniques, is in progress. This system is being 
developed with a grant from the European Communities. 
Together with the groups of J. Celis (Aarhus) and X. Estivil 
(Barcelona) it is tested in the sequencing of human cDNAs 
and analysis of microsatellite regions. 

The new high density array detector system was tested for 
routine sequencing. It can handle curved sample tracks not 
migrating through the gel in a straight line. In addition, an 
improved array detector was built with two rows closely 
spaced, allowing the coupling of the two excitation laser 
beams through only one light-coupler. This system allows 
a doubling of the number of samples run on one gel. A 
device with 48 and more samples run simultaneously is 
being developed, the miniaturization of detectors and of the 
sample tracks geometry is continuing. 

The protocols used in the routine DNA sequencing work 
in our laboratory have been collected and continuously 
updated for each EMBO course, and will be published as 
the first EMBO course book manual by J. Wiley. 

Novel sequencing techniques, surface micro-structures 

We collaborate on the development of novel techniques 
for DNA sequencing, without gels, based on specific ad-
dition of single nucleotides and their detection. With the 
miniaturization and micromanipulation technology available 
in the group together with the micro-imaging techniques, it 
should be possible to analyse several thousand DNA sam-
ples simultaneously. The achievable reading length is going 
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to be shorter than that obtainable with the gel technique. 
In one collaboration, with the group of A. Rosenthal from 
1MB Jena, the terminating nucleotides are detected, sub-
sequently enzymatically removed from the growing chain, 
re-filled with a normal nucleotide and the cycle repeated. 
Feasibility tests were carried out and biochemical conditions 
are being optimized. In the other approach, in collaboration 
with the groups of B. Canard from the University of Nice and 
the Pasteur Institute in Paris, the terminating nucleotides 
are labelled, detected after incorporation in the chain, then 
enzymatically converted to its normal nucleotide form which 
may be extended by the DNA polymerase, and the process 
is repeated. The work on this approach started in the Pro-
gramme at EMBL around 1988, but the French group now 
seems to have developed a promising and more reliable 
chemistry. 

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

The system allows the simultaneous on-line sequencing of 
two DNA strands of a double-stranded template in a single 
sequencing reaction with two different primers, each labelled 
with a different fluorescent dye. The product containing the 
two sequencing reactions is loaded on the gel, excited by 
two laser beams, and detected at two different positions 
in the gel (Plate 86). Internally labelled and primer end-
labelled reactions, as well as their combinations, may be 
run on the device. Since the sequences of both strands 
of the template are determined simultaneously, the costs 
of labour, DNA template preparation and sequencing reac-
tions, as well as of gel casting, are reduced by a factor 
of two. This principle may be expanded to three or even 
more dyes, increasing further the on-line throughput and 
approaching the potential capacity of the multiplex off-line 
method. 

This new device and technique is routinely applied in 
analysing human polymorphic microsatellite and full length 
cDNA clones as part of the EC BIOMED 2 program. 



Development of an efficient low 
redundancy sequencing strategy 

A new sequencing strategy, an efficient combination of 
random and directed strategies (RANDI strategy), has been 
developed based on the system for on-line simultaneous 
DNA sequencing on both strands, designed by the group. 
A number of shotgun plasm ids (around 140 from a cos-
mid insert) are simultaneously sequenced from both ends 
using two differently labelled standard primers. Remain-
ing gaps and single-stranded regions of the cosmid insert 
are completed by a small,.number (around 60) of walk-
ing primers produced on the EMBL segmental DNA syn-
thesiser developed by the Programme, at low cost. The 
longer the sequence reading length achieved per sample, 
the higher the efficiency of this approach. The extended 
reading length makes it possible to determine correctly 
long repetitive DNA sequences of up to 700-800 bases. 
Such repetitive sequences are present in many organ-
isms and pose a great difficulty for any sequencing strat-
egy. 

The overall redundancy is reduced around 3 fold, while the 
cost is reduced by a factor of 4, compared to standard shot-
gun sequencing with M13. The strategy is applicable both 
to small and large scale sequencing projects. In contrast, a 
typical overall sequence redundancy in a random shotgun 
sequencing approach is 8-10 or higher. 

double stranded template 
5' 3' 
3' ================================== 5' 

simultaneous sequencing reaction 
Texas Red 

5' 
5' 

Fluorescein ! 
on-line detection and data storage 

ACGT 

HeNe-laser 
PLATE 86 

Multiple DNA synthesizer, primers for sequencing 

The multiple segmental DNA synthesizer, developed at 
EMBL by the Programme, was re-built from a laboratory 
version to a production prototype. The modifications to the 
handling, hardware and software improved the reliability and 
reproducibility of the synthesis. The cycle time to extend 
the 10 primers by one base is about 7.5 minutes, cost 
per base is about 0.5 $. A small number of the devices 
for simultaneous synthesis of 10 oligonucleotides with low 
consumption of chemicals is being distributed by EMBL as 
a pre-series to interested laboratories. 

Protocols for reliable selection and synthesis of oligonu-
cleotide primers are the bases for development of fast 
automated strategy, for small as well as large sequencing 
projects. Software packages were developed for this pur-
pose and included in the EMBL program GENESKIPPER. 
Additional rules for the design of custom primers, for use in 
automated DNA sequencing with internal label, have been 
identified. Position where the first labelled dNTP can be 
incorporated in the labelling step downstream the primer 
is crucial for the success of sequencing reactions. Different 
properties of native T7 DNA polymerase and Sequenase 
can be exploited for specific and efficient labelling of se-
quencing products. 

Improvement of the CA-repeat map of human chromo-
some 21, sequencing full length human cDNAs 

To improve the genetic map of the human chromosome 
21 (HC21) using CA-repeat microsatellites, altogether 210 
clones were sequenced and 35 new CA-repeats isolated 
from a phage library (LA21 NS01) have been identified, in a 
collaborative project with the group of X. Estivil, Barcelona. 
Subsequently they were localized to specific regions of 
HC21 by somatic cell hybrids and the CEPH VAC panel, 
spreading over the long arm of HC21. Their lengths range 
between 8 to 26 dinucleotides, some of them being complex 
repeats. They are analysed in the CEPH reference families, 
and their genotypes are being included in the genetic map 
of the human chromosome 21. 

Sequencing of cDNA clones is performed in collaboration 
with J. Celis, Aarhus, on the automated device for simul-
taneous sequencing of both strands developed by the Pro-
gramme. Several cDNAs were sequenced, among them the 
human equivalent of the Drosophila lethal(2) giant larvae 
protein and a 5' extended cDNA of the fragile-X protein. 
Expression is analysed by Northern blot and in situ hy-
bridization. Proteins are expressed and included in 2D-Gel 
protein database (J. Celis). 

DNA sequencing projects 

Besides providing a sequencing service to EMBL scientists, 
we are involved in projects and collaboration with several 
groups in sequencing genes or cDNAs of high interest. 

We participate in the sequencing of the yeast S.cerevisiae 
chromosome XV (project organized by B. Dujon, Paris), a 
continuation of the genome project organized and funded 
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by the European Union. New sequencing technologies and 
strategies are tested in this project. So far 120 kb of finished 
sequence was submitted to the Yeast database. Part of the 
sequence was determined in collaboration with the group 
of V. Paces, Prague. About 34 kb of the centromere region 
of chromosome IX were sequenced and a very interesting 
sequence analysis was published in the journal Yeast in 
collaboration with the group of C. Sander. 

In collaboration with W. Pyerin, Heidelberg, the structure 
of the gene encoding human casein kinase II (subunit 0:) 
was studied. A genomic c1011e containing 18.9 kilobases 
of the gene was isolated and characterized. The gene 
was localized on chromosome 20p13. The clone contains 
eight exons, the introns contain eight complete and eight 
incomplete Alu repeats. 

In collaboration with the groups of J. Celis (Aarhus) and 
X. Estivil (Barcelona), and with support from the European 
Union, we are applying the EMBL technology to sequencing 
human cDNAs and analysis of microsatellite regions. In 
particular, highly polymorphic CA-repeats are being isolated 
and characterized with the aim of improving the genetic 
map of human chromosome 21. We collaborate with Ch. 
Herfarth and H. Schackert, Heidelberg, in analysis and early 
diagnostics of colon carcinomas; a common grant from 
BMFT will enable us to deepen this collaboration even 
further and help to transfer technology from a research 
laboratory into a clinical diagnostics field. We are helping to 
establish a system for mutation screening in the Niemann 
Pick disease gene (collaboration M. Elleder, Prague). An 
interesting gene, localized on human chromosome Y, was 
sequenced in collaboration with P. Vogt, Heidelberg, and 
found to contain several repeated elements. 

With the network of laboratories organized by the German 
ministry BMFT we collaborate in the functional analysis of 
the yeast genome, by providing oligonucleotides and clones 
of the sequenced regions to other groups in the network, e.g. 
to Hinnen's laboratory in Jena. 

At the EMBL, we collaborate with the group of F. Kafatos on 
automation of genetic genome mapping of Anopheles gam-
biae, analysing about 10000 CA-repeat PCR products and 
evaluating with GENESKIPPER and A.L.F. software. With 
the group of P. Becker we developed a fluorescent DNAse 
I footprinting methodology on the A.L.F. device as a system 
for an automated analysis of DNA protein interaction. 

DNA sequencing service 

Over 130 staff members were regular users of the ser-
vice. Sequencing of single-stranded, plasmid, cosmid and 
lambda DNA is carried out on the EMBL automated fluo-
rescent system and its commercial version A.L.F. (Pharma-
cia). The sequence information, formatted for instant use in 
GENESKIPPER, GCG, Oligo and other computer programs, 
is transferred via electronic mail to the user's file on the VAX 
computer. The service provides vector DNA, host strains 
and advice on cloning/sequencing strategies. If requested 
we prepare the DNA. We help with custom design of walking 
primers. 
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Over 2400 clones were processed, with average reading 
on standard devices increasing from 370 to 450 bases, in 
some cases the readings were as high as 720 bases. The 
overall success rate has increased to 87%. The average 
time between sample deposit and sequence distribution 
is below three days. The introduction of the internal label 
fluorescent dATP technique in the service resulted in signif-
icant improvement in reproducibility and in reading length. 
In addition, this technique allows us to offer sequencing of 
samples using unlabelled walking primers. In the future we 
hope to offer sequencing of cosmids. 

To increase performance and reliability, a new computer net-
work was installed and the operating system was replaced 
by Windows-NT and Windows for Workgroups. A program 
for computer administration of service activities has been 
developed. 

Automated robotic workstation, 
cycle sequencing protocols 

The capacity for DNA purification was significantly increased 
by the introduction of a new fully automated plasmid DNA 
extraction system with the capacity of 240 samples per day. 
Sequencing reactions for DNA sequencing service are rou-
tinely performed on the BIOMEK robotic workstation using 
software and protocols which are improving continuously. 
The protocol used for double-stranded sequencing is the 
only existing fully automated protocol. During the year pro-
tocols were developed for the system allowing simultaneous 
sequencing of both strands. The down time of the worksta-
tion is low and it helps significantly to increase the repro-
ducibility and reliability of the plasmid sequencing. Another 
gel loading robot has been constructed, integrated directly 
into the EMBL automated sequencer and used routinely. 

Cycle sequencing protocols using standard Taq DNA poly-
merase allow sequencing from small amounts of DNA. 
Readings in cycle sequencing were limited to less than 500 
bases because of non-uniform peak intensities, insufficient 
labelling of longer fragments, missing or false terminated 
reaction products and decreased resolution. A protocol us-
ing the new Sequiterm thermostable DNA polymerase was 
developed resulting in improved peak uniformity, strong 
label and resolution (reading length around 1000 bases), 
not attainable up to now with the standard thermostable 
DNA polymerases. This technique will be valuable in direct 
sequencing of large vectors. 

Software developments - GENESKIPPER 

A software environment for DNA sequence assembly and 
analysis was developed, applicable both to small and large 
sequencing projects. The program GENESKIPPER includes 
three main parts: fragment assembly, sequence analysis, 
and walking primer design. The editor allows display of 
trace data and has tools for finding ambiguous regions. The 
program performs restriction digest, pattern search, open 
reading frame search and codon usage analysis. It searches 
automatically for walking primers, taking into account the 
primer's melting temperature, binding ability, dimer and hair-
pin formation and secondary bindings within the already 



known sequence as well as in the vector sequence. The 
performance of the program has been further improved; in 
many laboratories in Europe and the U.S. it is now used 
exclusively, replacing the UWGCG program package. One 
of the major advantages of the GENESKIPPER has become 
the ability to work easily on long DNA sequences. Analysis 
of complete chromosome sequences from S.cerevisiae is 
now possible. 

Another important development is the program Lane Tracker 
for the next generation of high throughput automated DNA 
sequencing systems, with n.ew detection and optical parts, 
two or more dyes and 48 (in plan 96) clones. The neu-
ronal network approach has been chosen and first ver-
sion tested, further optimization with respect to speed is in 
progress. 

By the middle of 1994 the EMBL computer network, used 
mainly for service activities, was not operating and we had to 
set up a local PC-LAN network to be able to work efficiently. 
The network connects MS-DOS, MS-Windows and IBM-
OS2 on about 30 PCs used in instrument control, data 
evaluation and software development. A DEC Alpha PC 
is used as the server running MS-Windows NT Advanced 
Server software. The server offers 4 gigabytes of disk space, 
long-term and intermediate backup possibilities as well as 
print services. 

Gel and film scanning 

Molecular Dynamics Phosphor Imager and the Ultroscan 
Laser Densitometer (Pharmacia LKB) are used by the EMBL 
staff for scanning of autoradiograms and coomassie and 
silver stained gels. Maintenance, development and user 
training and advice are provided. Programs for gel image 
files, condensation of image files for storage size reduction, 
conversion of image files to other file formats and rotation 
of images are continuously upgraded. 

Microinjection and electro-transfection of cells 

An automated microinjection system AIS is offered for use 
to groups at EMBL, a commercial version (Zeiss) of the 
device developed in the Programme. Maintenance, training, 
help with biochemical assays, evaluation of results and user 
advice are provided. The system was extensively used, 5 
days a week, the number of regular users increased from 
20 to 27, and with them the number of various applications 
of the system to biological problems also grew. The group of 
A. Ephrussi used the system for microinjection of Drosophila 
oocytes and embryos with oskar mRNA. The group of E. 
Karsenti used the microinjection in investigations of the ef-
fects of antibodies against motor proteins and microtubules 
on the spindle formation during mitosis. Other tests involved 
the analysis of cdk2 kinases and control of cell cycle. The 
group of A. Lamond injected CKII into the nucleus of HeLa 
cells, where it binds to the nuclear matrix. The aim of these 
experiments is to look whether CKII binding has any influ-
ence on localization and/or processing of splicing bodies. 
The group of S. Georgatos studied the effect of antibodies 
against lamin and lamin B receptors on nuclear envelope re-

assembly in mitotic chicken hepatocytes. Cells are arrested 
in mitosis with nocodazol and injected with the antibodies. 
The group of I. Mattaj was studying mRNA transport out 
of the nucleus in mammalian cells. Fluorescently labelled 
mRNA is injected into the nucleus and analysed with the 
digital imaging microscope. In another experiment, nuclear 
localization of fluorescently labelled BSA cross-linked with 
NLS signal peptide was quantitatively analysed with digital 
imaging microscopy. The group of S. Courtneidge studied 
the Src family of protein tyrosine kinases, activity regula-
tion and growth factor response. The group of G. Griffiths 
has studied the vaccinia virus assembly, by microinjecting 
the virus without membrane, analysing the infectivity and 
reconstitution of the membrane. Inhibition of vaccinia virus 
membrane assembly is analysed with antibodies. The group 
of C. Dotti was cutting and observing axons in neuron cell 
culture with glass needles. 

In external collaborations, H.J. Rahmsdorf and A. Kolbus 
from the Institute of Genetics, Karlsruhe, were studying the 
UV responses in irradiated cells. The group of M. Eilers 
from 2MBH, Heidelberg, was investigating the participation 
of c-myc in cell cycle regulation. With the group of W. 
Just, University of Heidelberg, we studied the movement 
and biogenesis of peroxisomes in living cells. J. Pines from 
the Wellcome CRC Institute in Cambridge studied the cell 
cycle regulation by injecting expression plasm ids containing 
fusion proteins of cdk and the green fluorescent protein 
(GFP). 

The protocols used in the routine work in our laboratory 
have been collected in a manual book, are continuously 
updated for each EMBO course and made available to 
external laboratories. 

Low light level microscopy and micro-imaging 

The image acquisition and processing system for low light 
level fluorescence microscopy was used permanently. Its 
processing capacity was doubled. Developed and added to 
the system was the time-lapse acquisition for studies on liv-
ing systems, and applied e.g. to the analysis of peroxisome 
movement and vesicle movement in neurons. Distribution, 
translocation and final localization of mRNA after microinjec-
tion of Drosophila oocytes was evaluated by the group of 
A. Ephrussi. The transport of injected fluorescently-Iabelled 
mRNA out of the nucleus of mammalian cells was evaluated 
by group of I. Mattaj. Other users were the groups of A. 
Lamond and R. Zeller. The system was used for time lapse 
observation of living neurons and for localization, transloca-
tion and distribution of transferrin and its receptor in axons 
and dendrites. Together with in-house users a new image 
processing software package is being evaluated which is 
highly user friendly. 

Flow cytometry facility 

The flow cytometry facility was used by 23 users in 1994, 
mainly by members of the groups of T. Graf, M. Hentze, G. 
Griffiths, S. Courtneidge, I. Mattaj, E. Hurt, P. Becker and 
F. Stewart. 
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The FACScan was used 500 times and the EPICS sorter 
60 times by the users at EMBL. This represents 80% of the 
time available for the FACScan and 30% for the EPICS. 

The FACScan is suitable for running analysis on a large 
number of routine samples for cell surface marker im-
munofluorescence and for cell cycle. It was applied close 
to its capacity and widely used to examine a number of 
approaches which would allow us to avoid the sorting 
step. 

On the EPICS, the group of T.-Graf worked on determination 
of a thrombocyte lineage controlled by Myb, along with 
the determination of differentiation pathways controlled by 
oestrogen-inducible constructs. The role of Myb ts in the cell 
cycle was also examined. With the group of H. Stunnenberg, 
the induction and expression of CD19 transfected cells 
under the control of a retinoic acid dependent promoter has 
been studied. 

The group of F. Stewart has investigated the role of the cell 
cycle in certain gene expression systems. Early events in 
apoptosis were studied on the basis of DNA content and 
cellular activities. 

The EPICS system works well in sorting fluorescently very 
bright populations. The performance limits of the older 
EPICS system for some of the modern applications in 
molecular biology have become obvious and the need for a 
new system has become urgent. 

Courses organized during the year 

An EMBO course on "Microinjection and Electro-Transfec-
tion of Cells" was organized at EMBL in June. 

New protocols and the DNA sequencing facility were pre-
sented in the EMBO course on "DNA Sequencing: Ad-
vanced Approaches and Automated Methods" which the 
Programme organized in November at the EMBL. 

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

A course on Techniques in Molecular Biology was organized 
by the Programme for the pre-doctoral students at EMBL in 
December. 

Publications during the year 

Ansorge, W., Grothues, D., Erfle, H., Hewitt, N., Rupp, 
T., Schwager, C., Sensen, C., Voss, H., Wiemann, S. & 
Zimmermann, J. (1994). DNA sequencing technology today 
and tomorrow. Cell BioI. Intern., 18, 587 

Ansorge, W., Ventzki, R., Grothues, D., Erfle, H., Voie, A.-M. 
& Stegemann, J. (1994). Automated DNA sequencer with a 
new continuous detection system for simultaneous on-line 
sequencing of 44 cones. In Abstracts of Papers Presented 
at the 1994 Meeting on Genome Mapping and Sequencing; 
Cold Spring Harbor Laboratory, New York, pp. 14 
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Dujon, B., Ansorge, W., Erfle, H., Grothues, D., Hewitt, N., 
Rupp, T., Schwager, C., Stegemann, J., Voss, H., Wiemann, 
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(1994). Complete DNA sequence of yeast chromosome XI. 
Nature, 369, 371-378 

Herr, S., Pepperkok, R., Saffrich, R., Wiemann, S. & An-
sorge, W. (1994). Electroporation of cells. In Cell Biology-
A Laboratory Handbook: ed. Celis, J.E.; Academic Press, 
San Diego, 3, pp. 37-43 

Pepperkok, R., Lorenz, P., Ansorge, W. & Pyerin, W. (1994). 
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Pepperkok, R., Saffrich, R. & Ansorge, W. (1994). 
Computer-automated capillary microinjection of macro-
molecules into living cells. In Cell Biology - A Laboratory 
Handbook: ed. Celis, J.E.; Academic Press, San Diego, 3, 
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Peverali, FA, Ramqvist, T., Saffrich, R., Pepperkok, R., 
Barone, M.V. & Philipson, L. (1994). Regulation of G1 
progression by E2A and Id helix-loop-helix proteins. EMBO 
J., 13, 4291-4301 

Sandaltzopoulos, R., Ansorge, W., Becker, P.B. & Voss, 
H. (1994). Nonradioactive, solid-phase DNase I footprints 
analyzed on an A.L.F. DNA SequencerTM. Bio Techniques , 
17, 474-476 

Schwager, C., Wiemann, S., Sensen, C., Rupp, T. & An-
sorge, W. (1994). GENESKIPPER - an integrated software 
environment for DNA sequence assembly and analysis in 
mega base scale sequencing projects. In Abstracts of Pa-
pers Presented at the 1994 Meeting on Genome Mapping 
and Sequencing; Cold Spring Harbor Laboratory, New York, 
pp. 238 

Todorov, I.T., Pepperkok, R., Philipova, R.N., Kearsey, S.E., 
Ansorge, W. & Werner, D. (1994). A human nuclear protein 
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Apparatus and method for the analysis of biological 
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Nucleic acid chemistry 

Group leaders: B.S. Sproat*, R. Eritja* 

Scientists: B. Beijer*, M. Douglas 

Fellows: M. Gmtli, R. Gu"lmil Garcia*, D. Will* 

Visitors: C. Fabrega*, E. Ferrer* 

Assistants: V. Adam, S. O'Loughlin*, M. Wiersma 

This year witnessed the first transfer of responsibilities at 
the Nucleic Acid Chemistry Laboratory of EMBL. After ten 
years of excellent management and science, B. Sproat has 
moved from EMBL to private industry. The remaining team 
wishes him the best of luck. We will try to look always at the 
Brian side of life. 
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Branched oligoribonucleotides 
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Branched oligoribonucleotides 

As part of a collaboration with the group of Angus La-
mond, to study the RNA debranching enzyme which is 
involved in hydrolysing the 2'-5' phosphodiester linkage of 
the excised intron lariat produced during RNA splicing, we 
have developed a new method for the universal solid-phase 
synthesis of branched oligoribonucleotides. We have pre-
viously shown that small chemically synthesized branched 
oligoribonucleotides are good substrates for this enzyme 
and were previously only able to synthesize branched olig-
oribonucleotides with sequences of identical length and 
composition attached at the 2'- and 3' -hydroxy groups of 
the branch-point ribonucleoside. We have now achieved our 
synthetic goal by resorting to the use of a fully orthogonal 
set of protecting groups for the various monomers and 
performing the synthesis on solid-phase in the 5' to 3' 
direction using phosphoramidite chemistry. Thus, reversed 
monomers, viz. protected ribonucleoside 5'-0-(methyl N,N-
diisopropylphosphoramidite)s bearing 2'-0-Fpmp and 3'-0-
pixyl protection and an appropriate branch-point adenosine 
monomer, viz. a protected adenosine 5' -O-(methyl N,N-
diisopropylphosphoramidite) bearing 2'-O-pixyl and 3'-0-
laevulinyl protection are condensed in the desired order 
with a reversed support up to and including the single 
branch point nucleoside. The 2'-O-pixyl group is then re-
moved, allowing chain extension from the 2' -hydroxy group 
of the branch-point adenosine, and condensation is first 
continued with a single reversed monomer in the form of 
a 5' -O-(2-cyanoethyl N,N-diisopropylphosphoramidite). Fur-
ther chain extension is then performed with the appropriate 
normal reversed monomers in the form of 5' -O-(methyl 
N,N-diisopropylphosphoramidite)s to complete one arm of 
the branch. The 3' -O-pixyl group is then removed and the 
resultant hydroxy group capped by acetylation to prevent 
further chain extension from this part of the branch. In order 
to be able to chain extend from the 3' -hydroxy group of 
the branch-point adenosine, the 2-cyanoethyl group is first 



removed from the 2'-5' phosphotriester moiety with an-
hydrous triethylamine in acetonitrile, and then the 3'-
O-Iaevulinyl group is cleaved with hydrazine hydrate in 
pyridine-acetic acid. Chain extension to give the desired 
branched oligo ribonucleotide is then continued with re-
versed monomers (methyl form). After deprotection and 
purification, the authenticity of the branched oligomers is 
verified by electrospray mass spectroscopy. The synthesis 
of all monomers required to assemble any branched oligori-
bonucleotide with any of the four normal ribonucleosides at 
the branch-point is now complete and we now expect to start 
experiments on determining the substrate requirements of 
the debranching enzyme. 

Oligo(2'-O-alkylribonucleotides) 

As a continuation of our efforts to develop further anti-
sense oligomers for a variety of applications in molecu-
lar biology we have turned to 2'-O-(2-hydroxyethyl)- and 
2'-O-(2-aminoethyl)-0Iigoribonucleotides as our recently de-
veloped synthetic routes to the 2'-O-allylribonucleotide 
monomers enabled the alkylation of appropriately pro-
tected ribonucleosides with ethyl bromoacetate introduc-
ing a 2'-O-(ethoxycarbonyl)methyl group, which could 
be readily reduced to the corresponding alcohol us-
ing sodium borohydride in methanol. The appropri-
ate uridine monomer was synthesized bearing a tert-
butoxydiphenylsilyl protecting group on the hydroxyethyl 
function and a short homopolymer was assembled. As it 
turned out the silyl group was conveniently removed dur-
ing the ammonia deprotection step and no internucleo-
tidic cleavage was observed. Moreover the incorporation of 
2'-O-(ethoxycarbonyl)methylribonucleotide monomers into 
oligonucleotides enabled the conversion of the ester moiety 
into a variety of useful functionalities by performing an 
appropriate nucleophilic displacement reaction prior to the 
ammonolysis of the protecting groups. In addition, exper-
iments to convert the allyl function into a variety of other 
useful moieties have been started with the aim of introducing 
useful functionalities such as thiol groups into this class of 
antisense oligonucleotides. 

Analogues of aminoacyl-adenylates 

Encouraged by the excellent results with the group 
of Stephen Cusack who solved the crystal struc-
ture of seryl-tRNA synthetase with bound 5'-O-[N-(L-
seryl)sulphamoyl]adenosine, a stable analogue of the 
aminoacyl-adenylate, we continued to synthesize new ana-
logues for crystallography trials with various aminoacyl-
tRNA synthetases. The glycine, leucine, valine, cysteine, 
histidine and lysine analogues have now been synthe-
sized in reasonable amounts for Stephen Cusack and we 
are looking forward to seeing some new X-ray structures. 
The Steitz laboratory in Yale has also been supplied with 
the glutamine, glutamate, asparagine, aspartate, isoleucine 
and tyrosine analogues for crystallography purposes and 
so far promising results have been obtained with crys-
tals of the gln-tRNA synthetase with bound 5'-O-[N-(L-
glutaminyl)sulphamoyl]adenosine. 

Base analogues in DNA 

Oligodeoxynucleotides carrying different base analogues 
have been prepared as substrates to measure enzyme 
kinetics and for stuctural determination. The main projects 
undertaken during this year are: (1) Oligonucleotides carry-
ing 2-aminopurine for studying DNA polymerase function: 
2-Aminopurine is an isomer of adenine that has special 
fluorescence properties. The kinetics of polymerization and 
proof-reading activities of DNA polymerases are being mea-
sured using oligonucleotides carrying this analogue and 
fluorescence techniques. The fluorescence studies are be-
ing done by the groups of M. Goodman at University of 
Sorthern California and J. Beechem at Vanderbilt University. 
On the other hand, 2-aminopurine base-pairing properties 
are being studied using calorimetric techniques by the group 
of Dr. Breslauer at Rutgers University, New Jersey. (2) 
Use of selective labeling to characterize mismatches and 
DNA-binding proteins: A special methodology has been 
developed to introduce 15N and 13C labels at specific ex-
ocyclic amino positions of adenine, cytosine, guanine or 
2-aminopurine. Oligonucleotides carrying 15N-labelled cy-
tosine and 2-aminopurine have been used to characterize 
the base pair formed between these two bases. Oligonu-
cleotides carrying 15N-labelled adenine and 13N-labelled-
N-methyladenine are being used to study the binding of 
EcoR1 methylase to his recognition sequence by the group 
of D. Wemmer at the University of California at Berkeley. (3) 
Oligonucleotides containing mutagenic 0-4-alkylthymines: 
these lesions are being produced by the reaction of alkylat-
ing agents on DNA. The formation and persistence of these 
lesions are known to produce mutations. New methodolo-
gies are being developed for the preparation of oligonu-
cleotides containing these modified bases in order to use 
the modified oligonucleotides to characterize DNA repair 
activities. 

Modified oligodeoxynucleotides as 
inhibitors of gene expression 

Oligonucleotides complementary to Ha-ras oncogene and 
carrying small molecules at the 3' end the 5' end are ready 
to be evaluated as anticancer drugs. The groups linked to 
the end are from small peptide sequences to sugars like 
ribitol, lipids and small aliphatic amines. Oligonucleotides 
that have the best base-pairing properties and a good 
resistance to exonuclease degradation are being evaluated 
in cell culture by the group of T. Saison-Behmoaras. 

Oligonucleotide synthesis service 

The service demands have increased again this year from 
4200 (1993) to more than 4400 oligonucleotides. Most 
of them have been short oligonucleotides to be used as 
primers. Nearly 100 were RNA polymers, both natural and 
modified with 2'-O-methyl and 2'-allyl functions. Around 200 
oligodeoxynucleotides were prepared with mixed bases to 
be used as mixed probes or for random mutagenesis. The 
most popular non-natural base analogue in the service has 
been 2'-deoxyinosine (nearly 100 oligonucleotides) followed 
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by 5-iodo-2'-deoxyuracil (10), 5-methyl-2'-deoxycytidine 
(5), and 2-aminoadenosine (2). Non-radioactive labels such 
as fluorescent compounds were introduced to 130 oligonu-
cleotides and biotin to 90 oligonucleotides. Other specialized 
functions were phosphate groups at 5'-end (65 oligonu-
cleotides), amino and thiol groups at 3' and 5' ends (10 
oligonucleotides) and 1,3-propanediol linker (50 oligonu-
cleotides). Finally 30 oligonucleotides carrying modified 
phosphates (phosphorothioate and methoxyethyl linkages) 
were produced. 

Publications during the year 
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Protein and peptide group 

Group leader: M. Mann 

Scientists: R. Kellner*, M. LeBreton 

Fellows: G. Neubauer*, G. Talbo*, M. Wilm 

Visitors: K. Bossinakou*, G. Padron*, A. Shevshenko*, O. Vorm* 

Engineers & Assistants: T. Houthaeve, R. Jacob, L. Magris*, P. Mortensen 

The main interest of the protein and peptide group is still 
the characterization of the primary structure of proteins 
at very low levels. We develop methods to this end and 
simultaneously offer three services to EMBL: (i) mass spec-
trometry; (ii) microsequencing and amino-acid analysis; (iii) 
peptide synthesis. 1994 has been a very productive year 
and we have been able to make great strides in the de-
velopment of our methods. We have also begun to apply 
the powerful micro-characterization techniques in biological 
collaborations. 

Mass spectrometry 

The two ionization methods used and further improved 
at EMBL are electrospray mass spectrometry (ES-MS) 
and matrix assisted laser desorption mass spectrometry 
(MALDI-MS). A brief introduction to both methods can be 
found in the 1992 and 1993 research reports. For ES-MS 
the reader may also consult an introductory piece in TIBS 
(Mann and Wilm). Developments during 1994 include: 

NanoES Ion source 

We further refined a miniaturized and highly sensitive ver-
sion of electrospray, the nano electrospray, or "NanoES". 
This ion source produces much smaller (nano meter sized) 
droplets than conventional sources and uses extremely 
small flow rates - in the range of 20 nano liters per 
minute. Thus, extensive measurements are possible on 
small liquid volumes. During 1994 we found that peptides 
could be sequenced efficiently with this device, peptides 
of substantial length (>20 amino-acids) and even peptides 
from unseparated mixtures obtained after in gel digestion. 
Plate 88 shows the sequencing of peptides displayed on the 
major histocompatibility complex (MHC) out of a mixture of 
seven components. The NanoES ion source may become 
the method of choice for low level peptide sequencing by 
MS. 

Laser desorption (MALDI) 

Last year we developed a method that decouples matrix 
preparation from sample preparation in laser desorption 
mass spectrometry. This method ("matrix surfaces made 
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MHC peptide sequencing 

A mixture of peptides was sprayed simultaneously into the mass 
spectrometer and resulted in the electrospray mass spectrum 
shown in the upper panel. Selection of various components in turn 
(middle panel) produces product ion spectra from which complete 
sequences or at least peptide sequence tags can be read (lower 
panel). 
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PLATE 89 

Partially isotope resolved laser des-
orption spectrum of some femto-
moles of bovine insulin. 

5760 5780 

by fast evaporation") leads to dramatically higher mass 
accuracy, resolution and sensitivity as well as easier sam-
ple preparation. As an example we show partial isotope 
resolution for insulin (Plate 89), a feat which to our knowl-
edge has never before been achieved with the laser time-
of-flight method. The technique is now used successfully 
in many laboratories, and in at least one instance it has 
been reported that a protein (a 75 kDa glycoprotein) could 
only be analyzed in this way (G. Allmaier et al., Vienna, 
in press). Other developments during the year include an 
"assay" to pinpoint phosphopeptides by taking advantage 
of their characteristic mode of decomposition and further 
application of peptide sequencing by MALDI "Post Source 
Decay". 

Ion trap 

Extremely high resolution (>25,000) has been demon-
strated on the ion trap mass spectrometer which we are 
developing in collaboration with Bruker-Franzen. Employ-
ing SWIFT pulses are now able to work on peptide mix-
tures rather than isolated peptides. Mass accuracy, which 
is traditionally low in this kind of instrument, has been 
improved to equal that of triple quadrupoles in many 
applications. 

PLATE 90 

The peptide sequence tag ap-
proach. Only a very small stretch of 
sequence needs to be interpreted, 
Pro-Ser in this case. The other mass 
information from the tandem MS 
spectrum and the cleavage speci-
ficity add up to an extremely spe-
cific "probe" to search sequence 
databases. 
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Software development 

We continue to devote much effort to the data acquisition 
package "LaserOne" for the laser desorption MS on the 
Macintosh. Apart from allowing measurements which would 
otherwise be unobtainable, the importance of the project 
lies in the speed of data acquisition made possible by a 
"semi-intelligent" data system. A twofold gain in productivity 
is easily accomplished compared to commercial systems. 
This means that we can accomplish with one instrument 
what normally would require two. 

The development of techniques for database searching with 
mass spectrometric information is a focus of our research 
(see previous reports). A major development in this field 
was the "peptide sequence tag" approach which we devel-
oped this year (Plate 90). Briefly, a peptide sequence tag, 
conSisting of just two amino-acids and the mass information 
that a tandem mass spectrum yields, is enough to spec-
ify a peptide uniquely in large sequence databases. Such 
sequence tags can also be used to retrieve "incomplete" 
matches from the database, i.e. matches where the pep-
tide expected from the database entry is different from the 
one actually measured. Important examples are differences 
caused by DNA sequencing errors, by point mutations, or by 
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post-translational modifications. The method is much more 
powerful than searching with the masses of proteolytically 
derived peptides alone and could lead to the identification 
of new covalent modifications of proteins. 

Mass spectrometric service 

Mass spectrometry continues to yield invaluable information 
for researchers in structural biology. Checking the molec-
ular weights (and thereby the fidelity and homogeneity) of 
recombinant proteins is an l.Inglamorous and often laborious 
activity which nevertheless can save EMBL researchers 
many man month of frustration. Mass spectrometry was also 
used to check all synthetic peptides (often at various stages 
of synthesis), many difficult DNA synthesis products and 
peptides destined for automatic Edman degradation. 

Microsequencing by Edman degradation 

Edman chemistry was similarly used to confirm that N-
termini of proteins were correctly processed during expres-
sion. This data in combination with mass determination 
provides a rapid means of confirming the processing at both 
N- or C-termini of recombinant and modified proteins. These 
kinds of analyses were mainly performed for groups in the 
structural programme. 

The fast characterization of (unknown) proteins with blocked 
N-termini was performed for more than 50 proteins in 1994. 
This problem is generally tackled by digesting the protein 
within gel piece(s), extracting the resulting peptides, sep-
arating them by RP-HPLC and analyzing the peptides by 
Edman degradation and/or MS. As the protein amounts are 
low, on average some 40-50 pmol, the combination of Ed-
man sequence analysis and mass spectrometry is required. 
Both MALOI and NanoES were used for this approach as 
was demonstrated for several diverse classes of proteins 
(groups Simons, Tsernoglou, Leberman, Graf, Vorgias & 
Hentze). We are currently optimizing our procedures so that 
this approach can become more routine in our service and 
research activities. 

Amino-acid analysis 

In 1994 amino-acid analysis was mainly used to determine 
the amino-acid concentration in amino-acid preparations 
(for the NMR labelling facility) and for peptide and pro-
tein concentration determination in the lower &g range (for 
several groups in the EMBL). The latter served to confirm 
that protein samples which yielded no sequence by Edman 
degradation (such as blocked proteins) actually contained 
sufficient analyte. 

The amino-acid composition, also obtained by amino-
acid analysis, was used to screen sequence databases. 
In collaboration with Uwe Hobohm (Sanders' Group) we 
optimized the procedure and wrote a program called 
PROPSEARCH. The program differs from its predecessors 
in that it can also search protein fragments within proteins in 

the complete protein database (more than 100.000 entries). 
It can also take into account information such as mass, pi 
and particular amino-acids behavior, making it an attractive 
tool in the fast identification of proteins on 20 gel blots. We 
also found that if the protein is not in the database, the 
correct protein family can still be called (this is important 
as the genomes of only a few species will be analyzed). 
The amounts needed for this sort of analysis can be as 
low as 0.5 &g. The program is available via an E-mail 
service and is on the World Wide Web (http://www.embl-
heidelberg.de/aaa.html). 

Peptide synthesis 

Peptide synthesis is routinely performed with an ABI 431 A 
peptide synthesizer and an automated multiple peptide syn-
thesizer, the ABIMEO AMS 422. Cleavage of the peptide 
from the resin support, further modifications, and unusual 
synthesis are performed manually. A total of 358 peptides 
were synthesized during 1994 of which 60 percent were 
purified. 30 percent of the total were for NMR and/or CO 
(Serrano and Creighton groups). In addition, 43 SPOTS (see 
previous reports) were synthesized for the Stunnenberg 
group and 12 phosphorylated peptides were synthesized for 
the Bohman, Courtneidge, Karsenti and Wierenga groups. 
The techniques developed in previous years, UV monitoring 
and the use of a polyethylene glycol polystyrene support, 
have performed well giving excellent results in the synthesis 
of long peptides (over 30 residues). Routine mass spec-
trometry analyses has again proven to be a very useful 
and accurate method for the characterization of peptide and 
side-products from the synthesis. As an example, MALO I 
metastable decay sequencing identified an unexpected side 
product of a phosphorylation reaction, a phospho-bridge 
linking two tyrosine peptide monomers. 

Biological collaborations 

Two biological projects serve to illustrate the power of 
advanced mass spectrometric methods in elucidating bi-
ological questions. In collaboration with us, T. Leitz, Hei-
delberg, found a novel peptide termed "Metamorphosin A" 
controlling development in a lower metazoan (Hydractinia 
echinata). The factor induces isolated posterior parts to 
undergo metamorphosis and hence reactivates pattern for-
mation, cell proliferation, cell differentiation, and morphogen-
esis. The primary structure of the peptide (pGlu-Gln-Pro-
Gly-Leu-TrpNH2) was found by tandem mass spectrometric 
sequencing and amino-acid analysis to distinguish between 
Leu/lie. The subsequently synthesized peptide showed the 
expected biological activity, making it one of only two known 
factors with this property. 

The deleterious effects of C.difficiles toxins A and B have 
long been known in cell culture and in patients. In col-
laboration with the group of K. Aktories, Homburg, we 
elucidated the molecular mode of action of these toxins 
(Nature, accepted for publication). By NanoES tandem mass 
spectrometry we found that the toxins work by attaching a 
single sugar unit into the catalytic center of the regulatory 
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protein Rho which in turn leads to destabilization of the 
microfilament cytoskeleton. Toxins A and B are the first 
examples of mono glucose transferase bacterial toxins. 

Prospects 

In 1995 we will begin to use mass spectrometry for the 
rapid identification of many spots on two-dimensional gels. 
These gels will probably come from the EC sponsored yeast 
projects as well as from work on human protein complexes. 
In 1995 we will also perfect methods to obtain sequence 
information for cloning on extremely small amounts of pro-
tein, about a factor 10 to 100 less than currently needed, so 
that these capabilites can be available on a routine basis in 
1996. 

Publications during the year 

Freund, J., Kellner, R., Houthaeve, T. & Kalbitzer, H.R. 
(1994). Stability and proteolytic domains of NEF protein 
from human immunodeficiency virus (HIV) type 1. Eur. J. 
Biochem., 221, 811-819 

Hobohm, U., Houthaeve, T. & Sander, C. (1994). Amino-
acid analysis and protein database composition search as 
a fast and inexpensive method to identify proteins. (1994). 
Anal. Biochem., 222, 202-209 

Kellner, R., Lottspeich, F. & Meyer, H.E. (1994). Microchar-
acterization of Proteins; VCH, Weinheim 

Leitz, T., Morand, K. & Mann, M. (1994). Metamophosin 
A: a novel peptide controlling development of the lower 
metazoan Hydractinia echinata (Coelenterata, Hydrozoa). 
Dev. BioI., 163, 440-446 

Mann, M. (1994). Role of mass accuracy in the identification 
of proteins by their mass spectrometric peptide maps. J. 
Prot. Chem., 13,506-507 
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of peptides in sequence databases by peptide sequence 
tags. Anal. Chern., 66, 4390-4399 

M0rtz, E., Vorm, 0., Mann, M. & Roepstorff, P. (1994). 
Identification of proteins in polyacrylamide gels by mass 
spectrometric peptide mapping combined with database 
search. BiD. Mass Spec., 23, 249-261 

Rasmussen, H.H., M0rtz, E., Mann, M., Roepstorff, P. & 
Celis, J.E. (1994). Identification of transformation sensitive 
proteins recorded in human two-dimensional gel protein 
databases by mass spectrometric peptide mapping alone 
and in combination with microsequencing. Electrophoresis, 
15,406-416 

Talbo, G. & Mann, M. (1994). Distinction between phospory-
lated and sulfated peptides by matrix assisted laser des-
orption ionization reflector mass spectrometry at the sub 
picomole level. In Techniques in Protein Chemistry V: ed. 
JW. Crabb; Academic Press, New York, pp. 105-113 

Vorm, O. & M. Mann (1994). Improved mass accuracy 
in matrix assisted laser desorption/ionization time-of-flight 
mass spectrometry of peptides. J. Am. Soc. Mass Spec., 5, 
955-958 

Vorm, 0., Roepstorff, P. & Mann, M. (1994). Matrix surfaces 
made by fast evaporation yield improved resolution and very 
high sensitivity in MALDI TOF. Anal. Chem., 66, 3281-3287 

Wilm, M.S. & Mann, M. (1994). Electrospray and taylor-cone 
theory, Dole's beam of macromolecules at last? Int. J. Mass 
Spec. Ion Proc., 136, 167-180 

Other references 

Just, I., Selzer, J., Wilm, M., von Eichel-Streiber, C., Mann, 
M. & Aktories, K. (1995). Nature, in press 

Mann, M. & Wilm, M. (1995). TlBS, in press 
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Computer group 

Group leaders: H. Di:ibbeling*, R. Omond* 

Scientists & Assistants: M. Hage, M. Lampinen*, J. LOllo, P. Rice*, E. Schechinger, L. Toldo*, W. Winkler 

The activities of the Computer Group have been strongly 
influenced by the changes in the structure of EMBL, which 
took place in 1994. The predominant factor was the forma-
tion of the European Bioinformatics Institute, the new EMBL 
Outstation in Hinxton. 

The long standing head of the computer group joined the 
Outstation and, as a consequence of the Data Library group 
moving to Hinxton, a big part of the know-how concerning 
databases, network services and parallel programming tech-
niques left Heidelberg. Thus the work of the computer group 
has mainly been directed towards conservation of existing 
services, the protection of computing know-how, and the 
adoption of tasks which had previously been covered by the 
Data Library Group. One extra staff position was allocated 
to the Computer Group in 1994, to help it to fulfil its new 
role. By the end of the year more than 50% of group 
members had exchanged. Nevertheless it was possible to 
make progress in various fields. 

Supercomputer installation 

In March 1994 the new supercomputer, a 16 processor 
Power Challenge, which had been ordered from Silicon 
Graphics Inc. in 1993, was delivered and taken into service. 
The initial configuration was equipped with 16 MIPS R4400 
sharing a common memory of 2 GBytes. In October the 
machine was upgraded replacing the R4400 processors by 
R8000 models, which are tuned for floating point perfor-
mance. Except for the upgrade period, during which a whole 
week was lost, the machine has proven to be very stable 
and reliable. It is being actively used for more than 90% of 
its time. 

Unix computing environment 

The total number of Unix workstations has grown by about 
10%, from 84 machines at the end of 1993, to 93 at the 
end of 1994. The number of X-terminals has grown from 
9 to 19. We have put the emphasis on trying to make the 
Unix workstation environment more reliable. This can be 
achieved by dedicating machines to specific services (name, 
time, NIS, tape, ftp, gopher, WWW, file, backup, graphics), 
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by building in redundancy to the essential services, and by 
decoupling combinations of services. In 1994 we were able 
to prepare the concept for this, but most of the realisation 
has to wait, subject to funds, until 1995. 

World Wide Web services 

A central EMBL WWW server has been established on the 
super computer to complement the WWW servers which 
had been started in 1993 by several research groups. The 
computer group is playing a coordinating role for WWW at 
EMBL, promoting a consistent look and feel to EMBL's web 
pages. Among the new uses of this service are the online 
EMBL phonebook, an on-line version of the 1993 research 
report, a string oriented search tool, statistics of usage, and 
on-line vacancy notes. The Web service offers home pages 
to the EMBO and ECBO organisations and links to the 
EMBL Outstations. It provides links for the network database 
browsers and structure prediction services (SRS, TMAP, 
SSPRED, REPRO, PROPSEARCH, PREDICTPROTEIN), 
created by the research groups. There are pages giving 
updates on the status of the computing resources and 
on-line documentation for application programs. 

The Web service is very successful, as it can be accessed 
from all computing platforms in use at EMBL. Monitoring 
of the usage statistics shows an average of 20,000 page 
look-ups per week at the end of 1994 with a growing 
tendency. 

Improvements to the local area network 

The institute's network backbone has been a 10 MBitis 
Ethernet for some ten years. With over 400 networked 
desktops, the capacity of the Ethernet had reached its 
limit. In December the Ethernet backbone was successfully 
replaced by two 100 MBitis FOOl rings, one serving the 
central computer room, the other extending from there to a 
multiport bridge on the third floor. Both rings are connected 
by means of a GIGAswitch/FDDI from Digital Equipment 
Corp. For 1995 we are planning to add two more FOOl 
rings serving the fourth floor and the NMR building. With 
the choice of the FOOl switch and of translational Ethernet-



FOOl bridges for the periphery a decision was taken to 
continue with network segmentation based on the MAC 
layer which is independent of the protocols in use. For the 
connection of offices we have abandoned the traditional bus-
like scheme of Thin-Wire Ethernet and Apple-Talk cables 
and are now installing a star-shaped structure of shielded 
twisted pair cables. 

The VMScluster facility 

We regret not to be able to claim the same 100% availability 
as in the previous year. A failure of the computer room 
air-conditioning in the summer, the effects of changing the 
Unix connectivity software to DEC UCX, a defect of the MTI-
cluster storage server, and a CPU fault on the VAX 9000-420 
have led to several service disruptions. Nevertheless we 
have been able to renovate the VMScluster disks. Most of 
the centrally served disks are now of the 3.5" 4 GByte type. 
Research groups now have the possiblity of having their 
data disks served centrally both to the VMScluster and the 
UNIX network file system. 

Intensive negotiations were held with Digital Equipment 
Germany on a possible modernization for the VAX 9000 
mainframe. Progress in this area has been very slow. The 
negotiations could not be brought to a successful end in 
1994. 

Macintosh computing 

Macintoshes are the most popular computing platform at 
EMBL. Their number has grown in 1994 from about 175 to 
235. 48 of these are already based on the PowerPC RISC 
J.t-processor. 

To cope with the growing number of Macintoshes, a new 
Workgroup Server 9150 was set up centrally. It provides 
Appletalk Remote Access via dial-in modem lines, and it 
also delivers file services for public domain software and for 
the Medline CD-ROMS. It can be observed, that through 
the use of WWW services (various HTML browsers are 
available for MacOS), the Macintosh- and Unix/VMS-worlds 
grow closer together. 
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EMBL Data Library ===? European Bioinformatics Institute 

Introduction 

In 1994 the new EMBL Outstation, the European Bioinfor-
matics Institute, was successfully established at Hinxton 
Hall south of Cambridge in the United Kingdom. A few 
members of the data library transferred to the temporary 
accommodation in the early part of the year with the majority 
of the data library staff and equipment being relocated 
over a weekend at the end of August. Data processing 
down time totalled about 10 days with the consequent 
backlog being successfully handled within the following 
fortnight. 

The initial phase of staff recruitment was started at the 
beginning of the year with successful candidates taking up 
their appointments the week after the data library was relo-
cated. The new personnel provide a large mix of nationalities 
predominantly from the EMBL Member States. 

The Head of Outstation and other senior staff in the re-
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search division were appointed in July. Paolo Zanella from 
University of Geneva became the head of the Outstation 
and Michael Ashburner from the University of Cambridge 
the coordinator of the basic research division. Two group 
leaders were appointed; Chris Sander currently at EMBL 
Heidelberg and Shoshana Wodak at Universite Libre de 
Bruxelles. 

The number of personnel in the EBI's service programme 
rose to around 45 by the end of the year. It is expected 
that when the new building is completed in the middle of 
1995 that the combined service and research programmes 
will rise to around 70 scientific and technical staff. The move 
to Hinxton has provided an opportunity for the data library 
to increase user support and include a sizeable investment 
in future research and development. In turn this is expected 
to enhance the quality of the service and products that the 
data library produces. 



EMBL data library group / EBI Service Programme 

Group leader: G. Cameron 

Scientists, Engineers, Assistants: R. Apweiler, G. Astvatsaturyants*, B. Boeckmann, T. Black, S. Cliff*, J. Coppieters*, M. diTommaso*, K. 
Dose*, S. Dotti*, D. Emmert, J. F!ores*, E. Follmer-Hausle*, R. Fuchs*, M. Garcia Pastor*, A. Gateau*, P. Gillespie*, P. Goodliffe*, R. 
Harper*, R. Hemberger*, P. Herde*, D. Higgins, K. Isherwood*, I. Jonassen*, V. Junker, R. Kania*, D. Karki*, L. Landeman*, F. Lang*, M. 
Magrane*, T. Mahfood*, A. Malik*, L. Malmberg, C. Martin*, C. Merino-Caminero*, M. McGowran*, S. Moulton*, C. Notredame*, C. O'Donovan, 
G. Oestreicher*, R. Omond*, B. Shomer*, I. O'Sullivan, P. Rodriguez-Tome*, C. Rice*, P. Sibbald*, J. Smith, M. Sommerfeldt*, P. Sterk*, S.A. 
Stewart, P. Stoehr, G. StoBer, A. Teynor*, C. Tsindikidou*, M.A.Tuli, J-R. Valverde*, R. White, P. Willems* 

Visitors: A. Bairoch*, D. Sanders 

The formation of the European Bioinformatics Institute (EBI), 
a new EMBL Outstation based in the UK and an exciting 
new development, presented a challenge to the data library 
to ensure that the transition from Heidelberg to Hinxton was 
effected with as little interruption to services as possible. 
Despite the distance between the two sites the relocation to 
the new Outstation went very smoothly, virtually unnoticed 
by users. 

CD-ROM has become the only media for postal distribu-
tion of the databases with the data library increasingly 
exploiting the power of improved network communica-
tions. 

300 EMBL 

1985 1990 1995 
PLATE 91 Year 
Nucleotide and protein sequence databases growth. 

The data collections 

Nucleotide sequence data - During 1994 the EMBL nu-
cleotide database grew by 43% to over 226 million base 
pairs. It is anticipated that this rate of growth will become 
greater in forthcoming years with increased submissions 
from dedicated genome projects. Over 22% of these data 
are from the human genome. However, if we remove 
redundancy within these sequences this is only equiva-
lent to a unique fraction of just over 1 % of the human 
genome. Plate 91 summarises the growth of this database 
and Plate 92 the proportions represented by the top ten 
genomes represented in the database. 
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PLATE 92 

Proportion of top ten species in the sequence databases. 
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The collaboration continues between the data library and its 
international partners, the NCBI in the United States and 
DDBJ in Japan. 

Protein sequence data - During the same period the 
SWISS-PROT database grew by 23% to over 14 mil-
lion amino-acids (see Plate 91 and 92 for summaries of 
database growth and representative proportions). Interme-
diate data between releases, a long standing feature of the 
nucleotide database, are now offered for SWISS-PROT with 
new sequences updated weekly. 

SWISS-PROT selected a number of organisms that are 
targets of genome sequencing and mapping projects. It is in-
tended 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, 
specific indices and other related information. 

The current status for the selected genomes are given in 
Table 3. 

Table 3 
SWISS-PROT targeted genomes 

and associated databases 

Organism Database Number of 
cross-referenced sequences 

B.subtilis SubtiList 777 
(in preparation) 

C.elegans Worm Pep 688 

D.discoideum DictDB 198 

D.melanogaster FlyBase 647 

E.coli EcoGene 2,901 

H.sapiens MIM 2,914 

S.cerevisiae LlSTA 2,287 
(in preparation) 
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Data from genome sequencing projects 

The number of genome projects directly submitting se-
quences to the data library continues to increase. The 
current projects taking advantage of this route are listed 
in Table 4. Over 12% of the bases submitted to the nu-
cleotide databases over the year were via this path. This 
route accounts for the rise of yeast and C.elegans in the 
top ten sequenced species in the nucleotide database, to 
second and fourth place respectively. The order is otherwise 
unchanged except for rice supplanting chicken in the top ten. 

Table 4 
Data from sequencing projects 

Entries bases 
C.elegans nematode project 778 4,669,539 
European Drosophila 736 159,447 
mapping consortium 
French Arabidopsis cDNA 4,660 1,549,018 
project GDR 
Genexpress Genethon 25,634 7,333,762 
Genexpress Munich 1,160 352,143 
HIV project Amsterdam 598 181,796 
Human genome project 3 57,026 
Sanger Centre 
MHC project TObingen 59 21,378 
Mycoplasma capricolum NCHGR 325 189,911 
S.cerevisiae yeast project 317 1,178,448 
Sanger Centre yeast 8 252,310 
chromosome IV 
Sanger Centre yeast 15 880,561 
chromosome IX 
Sanger Centre yeast 15 347,089 
chromosome XIII 
U.K. Human Genome 1,877 399,858 
Mapping Project 
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Proportions of network traffic. 
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Data and information access 

1994 was the year in which magnetic media ceased to be 
used for regular database distributions being completely re-
placed by CDs. Improvements in network access continued 
with the data library providing new services for browsing 
and retrieving information, including both Gopher and World 
Wide Web services in addition to the existing FTP service. 
The increase in network traffic has been quite dramatic with 
nearly 2Gb being transferred in an average week. FTP still 
remains the most popular method for accessing large files, 
while the WWW is becoming increasingly popular for access 
for information retrieval and collection. These resources, 
although predominately used by EMBL Member States, are 
also proving popular with other countries throughout the 
world, see Plate 93. 

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 data library's CDs. 

Much time and effort has been invested in organising the 
Outstation's WWW pages to include detailed documentation 
and links to the many services that are available. For many 
users this is becoming the preferred mode of access to the 
data library's resources. 

Other database projects 

Sequence databases 

Both the databases for expressed sequence tags (dbEST) 
and for sequence tagged sites (dbSTS) are now mirrored 
from the NCBI. At the end of 1994 the data library be-
came a full collaborative partner in the compilation of these 
databases. 

Two new databases are currently being developed. The 
first version of the radiation hybrid mapping database is 
expected to be released in 1995 and development of a CpG 
island database was started at the end of 1994. 

BioCataiog 

The BioCatalog is a relatively new database started in 
1993 by Genethon and the CEPH-Fondation-Jean-Dausset 
in France. It is a collection of software of general interest 
in molecular biology and genetics. The data library has 
assumed the responsibility for the maintenance and distri-
bution of this database and will continue to build on the work 
of the originators in partnership with collaborators within 
the bioinformatics community. The BioCatalog has been 
made accessible over the network with an average of 25 
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 40 independent databases. There were several 
additions in this year, including: 

NRSub non redundant database of merge nucleotide se-
quence entries for B.Subtilis. Developed by Guy Perriere 
from the National Institute of Genetics, Japan. 

Nucleosomal DNA database created by E. Trifonov and I. 
loshikhes from the Weizmann Institute, Israel. 

p53 database of p53 mutations in human tumors and cell 
lines. Created by Monica Hollstein from DKFZ, Germany. 

ProDom database of homologous protein domains group 
into homologous families. Created by E. Sonnhammer and 
D. Kahn from Sanger Centre, U.K. 
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RepBase database of prototypic sequences for human 
repetitve DNA. Created by J. Jurka, J. Walichiewicz and A. 
Milosavljevic from the Linus Pauling Institute of Science and 
Medicine, USA. 

Transfac database of eukaryotic cis-acting regulatory DNA 
elements and trans-acting factors, containing many cross 
references to the primary databases. Created by Edgar Win-
gendar and Rainer Knuppel from Gesellschaft fOr Biotech-
nologische Forschung mbH, Germany. 

Research and development. 

Clustal W 

Clustal W is a complete upgrade and rewrite of the Clustal V 
multiple sequence alignment program which resulted from a 
collaboration with Toby Gibson and Julie Thompson in the 
Leonard group. It offers a large number of new features 
and the sensitivity of the alignment algorithm has been 
greatly improved. The main improvements are the use of 
sequence weights to correct for unequal phylogenetic sam-
pling of sequences; position specific gap penalties which are 
adjusted as the alignment proceeds; the use of a range of 
amino-acid weight matrices. During 1994, the software was 
extensively tested and the parameterisation was fine tuned. 
It was released to the public in September. We believe it to 
be the most sensitive method available for difficult protein 
alignments. 

Blitz 

The Blitz mail server is based on the MPsrch program of 
John Collins and Shane Sturrock from the University of 
Edinburgh. It carries out extremely fast searches of the 
SWISS-PROT protein sequence database on the EMBL 
MasPar computer, using the sensitive Smith and Waterman 
algorithm. During 1994, it was used by over 3,500 users 
from around the world to carry out almost 40,000 searches. 

Molecular evolution 

Multiple alignment and phylogenetic tree reconstruction 
methods are very useful for investigating the evolution 
of multigene families. In collaboration with Jose Castre-
sana and Matti Saraste, the evolutionary history of the 
cytochrome oxidase family of proteins was examined. The 
results show that this family originated before the presumed 
appearance of atmospheric oxygen; a controversial result 
which has implications for the evolution of oxygenic respi-
ration. If this result is correct, then aerobic respiration is 
the ancestral condition for all the major groups of living 
organisms. 

Publications during the year 

Bairoch, A. & Data Library Staff (1994). SWISS-PROT Re-
lease Notes and User Manual. Releases 27, 28, 29, 30 

Castresana, J., Lubben, M., Saraste, M. & Higgins, D.G. 
(1994). Evolution of cytochrome oxidase, an enzyme older 
than atmospheric oxygen. EMBO J., 13, 2516-2526 
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and User Manual. Releases 38, 39, 40, 41 

Emmert, D., Stoehr, P., Stoesser, G. & Cameron, 
G.N. (1994). The European Bioinformatics Institute (EBI) 
databases. Nucl. Acids Res., 22, 3445-3449 

Flores, T.P., Moss, D.S. & Thornton, J.M. (1994). An algo-
rithm for automatically generating protein topology cartoons. 
Protein Engin., 7, 31-17 

Fuchs, R. (1994). Predicting protein function: a versatile tool 
for the Apple Macintosh. CABIOS, 10, 171-178 

Graur, D. & Higgins, D.G. (1994). Molecular evidence for 
the inclusion of cetaceans within the order Artiodactyla. Mol. 
BioI. Evol., 11, 357-364 
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on the Internet. Curro Op. Biotech., 5, 4-18 

Higgins, D.G. (1994). CLUSTAL V: Multiple alignment of 
DNA and protein sequences. In Computer Analysis of Se-
quence Data, Part II, Methods in Molecular Biology: eds. 
Griffin, A.M. & Griffin, H.G.; Humana Press, Totowa, New 
Jersey, 25, pp. 307-318 

Higgins, D.G., Labeit, S., Gautel, M. & Gibson, T.J. (1994). 
The evolution of Titin and related giant muscle proteins. J. 
Mol. Evol., 38, 395-404 
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(1994). Protein fold families and structural motifs. In Sta-
tistical Mechanics, Protein Structure and Protein Substrate 
Interactions: ed. Doniah, S.; NATO ASI Series B, Physics, 
325, pp. 253-276 

Taylor, W.R., Flores, T.P. & Orengo, C.A. (1994). Multiple 
protein-structure alignment. Protein Sci., 3, 1858-1870 

Thompson, J.D., Higgins, D.G. & Gibson, T.J. (1994). 
CLUSTAL W: improving the sensitivity of progressive mul-
tiple sequence alignment through sequence weighting, 
position-specific gap penalties and wieght matrix choice. 
Nucl. Acids Res., 22, 4673-4680 

Thompson, J.D., Higgins, D.G. & Gibson, T.J. (1994). Im-
proved sensitivity of profile searches through the use of 
sequence weights, gap excision and the BLOSUM62 matrix. 
CABIOS, 10, 19-29 

Valverde, J.R., Batuecas, B., Moratilla, C., Marco, R. & 
Garesse, R. (1994). The complete mitochondrial DNA se-
quence of the crustacean Artemia fransciscana. J. Mol. 
Evol., 39, 400-408 
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heptamer motif for ribosomal RNA transcription termination 
in animal mitochondria. Proc. Nat!. Acad. Sci. USA, 91, 
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The Director-General's group 

Group leader: F.C. Kafatos 

Scientists: A. Richmann, L. Zheng 

Fellows: C. Bagni*, C. Barillas Mury*, V. Bolshakov*, T. Kozlova*, C. Mollinari*, J. Sutherland*, G. Tzertzinis*, L. Zwiebel* 

Visitors: J.H. Law, Jr.*, R. Barrio*, J. de Celis*, M. Zurita* 

Assistants: A. Charlesworth, B. Minana* 

Insect molecular genetics 

The group of the new Director-General was fully estab-
lished in June, 1994, after Adam Richman and Alexandra 
Charlesworth set up the laboratory and ancillary facilities 
(insectary) in the first part of the year, and arranged for the 
translocation from Harvard University. 

In broad terms, the group is focused on two major topics: 
the study of transcription factors regulating development and 
differentiation in the fruitfly Drosophila melanogaster, and 
the molecular genetics of interactions between the vector 
mosquito Anopheles gambiae and the malaria parasite. 

The transcription factors we are studying were initially iden-
tified by virtue of binding to regulatory sequences of the 
chorion (eggshell) genes (Shea et al., 1990) but were subse-
quently shown to play important roles during several stages 
of development. Two of these factors are members of the 
Cys2-His2 family of zinc finger proteins, while two others 
are members of the nuclear hormone receptor superfamily. 
In addition, we are putting our studies of gene regulation 
in an evolutionary perspective, by studying homologues of 
these factors from other insects, especially the silk moth 
Bombyx mori. 

In the mosquito studies our basic interest is to understand 
how the malaria parasite can undergo the required devel-
opmental transformations inside the vector mosquito host, 
without being rejected as foreign. To approach this problem 
fruitfully, we are developing essential tools including a high 
resolution genetic map (Zheng et al., 1993). We are attempt-
ing to develop a general method for transgeniC analysis of 
insects (including mosquitoes) using the medfly, Ceratitis 
capitata, as a favourable model system. 
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Transcription factors CF2 and CF3 

The Drosophila transcription factor CF2 is a DNA-binding 
Cys2-His2 zinc finger protein present in follicle cell nuclei 
during oogenesis (Hsu et al., 1992). Study of the spatial ex-
pression patterns suggest that CF2 plays a role in the spec-
ification of DN (dorsal/ventral) follicle cell fate. CF2 expres-
sion in various mutant backgrounds exhibiting altered DN 
polarities support this hypothesis. In addition, ectopic over-
or under-expression (via anti-sense RNA) of CF2 leads to 
altered specification of follicle cell DN patterning. Beyond 
oogenesis, CF2 is expressed in all muscle cell types of the 
developing embryo. CF2 has been shown to recognise a 
site in the enhancer region of the a-tropomyosin I gene, and 
can strongly activate appropriate reporter gene expression 
in co-transfection assays. Definitive understanding of CF2 
function requires analysis of mutant alleles. Towards this 
end we have initiated ethyl methanesulfonate and X-ray 
mutagenesis experiments. 

We have initiated studies of another zinc finger transcription 
factor, CF3. Chromosomal rearrangements affecting this 
locus have been generated in collaboration with A. Carpen-
ter (Cambridge University), and their preliminary analysis 
in collaboration with J. de Celis (Cambridge University) 
suggests involvement in imaginal disc development, with 
prominent phenotypes in the wing. Current research efforts 
are directed toward definition of the. expression pattern of 
CF3, and molecular analysis of mutant chromosomes in 
collaboration with R. Barrio (lMBB, Crete). 

Insect hormone receptors 

We are studying the evolution of gene regulation in in-
sects through analysis of transcription factors from diverse 



species. In particular we are concentrating on members of 
the nuclear hormone receptor superfamily from Drosophila 
melanogaster and Bombyx mori. The Drosophila ultraspir-
acle protein (USP) is a member of the RXR family of hor-
mone receptors. USP can heterodimerise with the ecdysone 
receptor protein (EcR) forming a complex which mediates 
the ecdysone response (Thomas et al., 1993). Using the 
usp mutation and the FLIP recombinase system we are 
analyzing the role of USP at various stages of develop-
ment. The Bombyx mori USP homologue (Tzertzinis et al., 
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Spatially restricted expression of CF2 in the follicle cell layer 
of developing (stage 10) egg chambers in Wild-type and mutant 
Drosophila melanogaster. Ovaries stained with monoclonal anti-
CF2 antibody. Orientation is dorsal at top, posterior to the right. 
Upper: in wild-type, CF2 expression is absent from anterior-dorsal 
"patch" of cells (arrow) corresponding to the site of initial estab-
lishment of dorsal-ventral polarity and elaboration of dorsal ap-
pendages during later development. Middle: CF2 localization in the 
dorsalizing mutant K10. The "patch" of CF2 non-expressing cells 
is expanded as a consequence of an increase in the number of 
dorsal cells. Lower: in the ventralizing mutant gurken all follicle cells 
express CF2 protein, due to the absence of dorsal cells. 

1994) retains the heterodimerisation properties of USP, but 
exhibits slightly different DNA-binding specificity. We are 
examining the molecular basis of these differences using 
reciprocal point mutations. 

DHR38 is a novel member of the steroid receptor super-
family in Drosophila, identified in our laboratory along with 
its Bombyx homologue BHR38. Both proteins are highly 
related to a family of mammalian orphan receptors, the 
NGFI-B/nur77 group. A distinctive feature of the mammalian 
proteins is that they bind DNA as monomers (Wilson et 
al., 1993), in contrast to most members of the nuclear 
receptor superfamily. Like NGFI-B, DHR38 binds with high 
affinity to the single half-site 5' AAAGGTCA 3', indicating 
that this monomeric protein-DNA interaction is evolution-
arily conserved. The role of DHR38 during development 
is being studied using both biochemical and genetic ap-
proaches. Developmental effects of DHR38 over-expression 
are being examined in transgenic flies, and P-element in-
duced mutations have been created in the DHR38 locus, 
in collaboration with the laboratory of I. Zhimulev (ICG, 
Novosibirsk). 

Using the yeast two-hybrid system, we undertook a search 
for additional dimerisation partners for USP. Surprisingly, we 
discovered that DHR38 is such a partner. This interaction 
is evolutionarily conserved: vertebrate and silk moth homo-
logues of both USP and DHR38 also heterodimerise. The 
results are highly significant as members of this receptor 
family were previously thought to act as monomers. The 
observation that both DHR38 and EcR can interact with 
USP raises the possibility that DHR38 might compete with 
EcR and thus playa role in modulating the ecdysone re-
sponse. We are currently testing whether the USP/DHR38 
complex can acquire a novel DNA-binding specificity. In 
addition, ongoing analysis of DHR38 mutants should re-
veal whether this protein plays a role in the ecdysone 
response. 

Immune response of Anopheles gambiae 
to infection challenge 

Heritable Plasmodium resistance in Anopheles gambiae 
has been documented by others (Collins et al., 1986), but 
remains essentially uncharacterized at the molecular level. 
A number of important questions relevant to Plasmodium 
infection of A.gambiae can be posed. Of immediate interest 
to our laboratory are the following: what are the immune 
capabilities of Anopheles gambiae mosquitoes in terms of 
known insect defense mechanisms; does infection by par-
asites, like bacterial infection, elicit a "generalized" host re-
sponse involving key regulatory and effector molecules, or is 
there a specific molecular response to Plasmodium parasite 
infection; and what are the genes conferring Plasmodium 
resistance vs. susceptibility? In the absence of suitable 
molecular reagents and basic information, none of these 
questions can be answered satisfactorily. In collaboration 
with the laboratory of J. Hoffman (IBMC CNRS, Strasbourg) 
we are undertaking a search for molecular components 
of the Anopheles gambiae immune system using several 
approaches. 
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The differential display technique facilitates the relatively 
rapid identification and isolation of genes expressed in re-
sponse to specific stimuli (Liang and Pardee, 1992). The 
technique is being used to identify Anopheles gambiae 
genes expressed as a consequence of bacterial infection. 
In preliminary experiments ten candidate cDNA sequences 
have been identified. None of the clones exhibit similar-
ity to known DNA or protein sequences in the available 
databases. Thus far, Northern analysis confirms the differen-
tial expression of at least one sequence for which full-length 
cDNA and genomic clones are being isolated. 

Recent experiments indicate that the Drosophila genes 
dorsal and Dif are involved in the regulation of the im-
mune response to bacterial challenge (Ip and Levine, 1994). 
These proteins belong to the rei-family, in which the DNA-
binding and associated regions are phylogenetically con-
served. Using degenerate oligonucleotides corresponding to 
highly-conserved regions of the rei-domain, two Anopheles 
gambiae genes have been identified. Genomic and cDNA 
clones are now being characterized. Regulation of the ex-
pression of these genes, and localization of gene products 
are being analyzed in the contexts of experimental infection 
and development. 

A high resolution genetic map of Anopheles gambiae based 
upon microsatellite markers has been produced in our lab-
oratory (Zheng et al., 1993). As the markers are easily 
assayed by PCR using minute amounts of DNA, they are 
ideally suited to mapping phenotypic traits despite the diffi-
culty of performing genetic crosses in Anopheles. This map 
has recently been complemented with RAPD markers in 
a collaboration with C. Louis and G. Dimopoylos (IMBB, 
Crete). As the microsatellite map is being refined, it is 
also being used to analyze genetic refractoriness to Plas-
modium in collaboration with F. Collins (CDC, Atlanta) and 
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K. Vernick (NIH, Bethesda). Refractoriness is largely domi-
nant, with intermediate phenotypes which can be measured 
quantitatively. Progeny from appropriate crosses between 
refractory and susceptible mosquitoes have been scored 
for their phenotypic response to Plasmodium infection, and 
microsatellite genotyping is currently being performed on 
genomic DNA prepared from carcasses. 

Transformation of non-Drosophilid insects 

We are studying lipofection-based methods for germline 
transformation using the medfly Ceratitis capitata as a 
model system. A transformation vector has been con-
structed incorporating markers for drug-resistance enzyme 
activity, as well as a target sequence potentially promoting 
site-specific integration into the medfly genome. In a se-
ries of experiments embryos were injected either directly 
with DNA plus a non-toxic lipofection reagent, or with pole 
cells treated in primary culture with lipofection/DNA com-
binations. Analysis of individual progeny obtained with ei-
ther method indicates stable transmission of DNA for three 
generations, in 0.8-1.5% of viable, drug-resistant injected 
embryos. Chromosomal integration must be proven by plas-
mid rescue, sequencing, and in situ hybridisation to poly-
tene chromosomes. In order to facilitate development of a 
more efficient transformation procedure, we have cloned the 
medfly homologue of a favourite Drosophila marker gene, 
white. 

Publications during the year 

Fenerjian, M.G. & Kafatos, F.C. (1994). Developmental 
specificity of a bidirectional moth chorion promoter in trans-
genic Drosophila. Dev. BioI., 161, 37-47 

Or 

Direct (in situ) Lipfection of pole cells 
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Alternative approaches for germline transformation of the medfly 
(Ceratitis capitata) 
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The Outstation at the DESY, Hamburg 

Introduction 

The synchrotron ring in Hamburg did not start operation 
until May. The extended winter shut-down for 1993/1994 
was used to change the current in the DORIS ring from 
electrons to positrons. This led to the expected increase 
in beam stability and lifetime. There are now usually 8-12 
hours between successive injections. Not surprisingly this 
has led to a vast improvement in performance of the EMBL 
beam-lines. We now for the first time had a ring dedicated to 
the production of synchrotron radiation with no high energy 
physics experiments and with the most appropriate particles 
used as the source of radiation. 

There were 20 weeks of useful beam-time in 1994. The 
time was divided into 3-4 week blocks each separated by 
a week of machine studies for further ring improvement 
on an on-going basis. The bending magnet lines were 
available throughout the year (X31 and X11 for protein 
crystallography, X33 and X13 for small angle scattering from 
non-crystalline systems and the EXAFS line). We had some 
problems on X31 in the first part of the year as the original 
prototype image plate scanner designed and built in the 
outstation finally died after the collection of thousands of 
useful images. It is sadly mourned. 

The first 3 periods of beam-time were used to complete 
the commissioning of the BW7B wiggler station for protein 
crystallography. The optics were optimised, a new scanner 
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installed and a cryogenic crystal cooling device installed. 
This beam-line was then routinely used after the August shut 
down. Work simultaneously continued on the second wiggler 
station, BW7A, which is expected to become operational 
during 1995. 

A call for proposals for beam-time was made at the end 
of 1993 and our priorities committee met in mid-March to 
review them. There were by the end of the year almost 200 
proposals for the protein crystallography lines alone. About 
half of these were accommodated in the schedule: many 
would have benefited from extra time had there been more 
available. The committee will meet at least once a year in 
Hamburg. The next meeting is in February 1995. In addition 
members of the committee will evaluate by post a second 
set of proposals in mid-summer. We still keep a percentage 
of time in reserve for those projects which unexpectedly, 
but certainly, require beam-time at short notice. There were 
well over 200 visitors, representing most Member States of 
EMBL. 

DORIS is scheduled to be in full operation from March to 
December 1995. Again 3-4 week blocks of beam-time are 
planned separated by a week of machine studies. Overall 
roughly 30 weeks of beam-time will be available, up to 20% 
being reserved for instrument development and in-house 
projects. 



Instrumentation group 

Group leader: C. Hermes 

Scientist: R.G. van Silfhout 

Assistants & Engineers: T. Gehrmann, M. Hahn, R. Klaring, V. Renkwitz, B. Robrahn 

BW7B, the side branch of the wiggler beam-line 

During the first third of 1994 the reconfiguration of the 
wiggler beam-line BW7B - the high intensity line for protein 
crystallography - was an important mechanical task for 
the instrumentation group. Various minor problems which 
showed up only after the line had first become operational 
late in 1993 necessitated rearrangements and/or modifica-
tions of beam-line components. 

The water cooled premirror - the first optical element of the 
line and therefore crucial - did exhibit strong inhomogeneity 
if its entire surface was illuminated with white synchrotron 
radiation (SR). We decided to remove the entire mirror 
system (i.e. vacuum container together with mirror) and 
send the mirror back to its manufacturer, where it was 
repolished and afterwards recoated with Rh. This rather 
delicate and complex operation was nevertheless completed 
successfully and on schedule and resulted in a remarkably 
improved reflectivity. 

Since, as mentioned above, the premirror vacuum chamber 
had to be removed, we were able to solve another problem 
at the front end of BW7 by changing the position of the Be-
window, which separates the storage ring UHV-system from 
the HV-system of our beam-line. Originally it was mounted 
in a fixed position relative to the premirror but because of 
its narrow vertical aperture (20 mm) it turned out to be an 
extremely complex, as well as tedious exercise to guide the 

SR-beam through this bottleneck. In addition, the range of 
reflection angles which was accessible in this geometry was 
rather small. In its new position, the Be-windows is tilted 
together with the mirror tube, which alleviates the alignment 
problem and offers complete freedom in the choice of re-
flection angles. Now one can choose angles suitable for 
a specific experiment, and this choice is not dictated by 
purely geometrical factors. This is important if one wants 
to control parameters like, e.g. the cut-off energy. Although 
the remounting of the Be-window appeared to be a quite 
straightforward operation, it involved major modifications of 
the DORIS vacuum interlock system and significant changes 
of beam-line front ends and their respective support struc-
tures; e.g. as a consequence we had to remove and modify 
our monochromator vessel. On the other hand, this gave 
us the opportunity to improve the water cooling system of 
slits, beam splitter and monochromator crystal, which are 
all located inside the monochromator vessel. As a result 
these components performed extremely stably and reliably 
throughout the entire beam-time. 

Other improvements on line 7B included a complete re-
alignment of the focusing segmented glass mirror and the 
installation of a home-made base and rotation axes to 
replace the support that generally is part of the MAR image 
plate scanner system. This base offers superior stability and 
allows easy and rapid attachment of crystal cooling devices 
as well as much longer crystal to image plate distances, 
which is desirable for a certain class of experiments. 
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PLATE 96 

(a) The vertical intensity beam profile on BW7B. 
The measurement was performed by scanning a narrow slit 
(20 JLm) vertically through the X-ray beam (>.=0.86 A). The 
transmitted intensity was recorded with an ionisation chamber. 
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After the shutdown and a short period of commissioning 
and characterization the beam-line was in routine use for the 
entire scheduled beam-time. Plate 96 shows some essential 
parameters that could be measured during commissioning. 

BW7A, the straight section of the wiggler beam-line 

The second major project, i.e. the design, construction and 
building of BW7A - the straight through wiggler beam-line 
- proceeded, and we could use the extended machine 
shutdown at the beginning of 1994 to install many of the im-
portant beam-line components. As mentioned in last years 
report, anomalous diffraction (MAD), EXAFS and possibly 
LAUE-diffraction will be the main themes on this 
beam-line. Plate 97 shows a schematic representation 
of the two branches of the EMBL wiggler line. 

Because BW7A has a direct line of sight to the 
point where the wiggler radiation originates, 
and could in principle work with white wiggler 
radiation, the safety stan- PE 
dards had to be very high. 
In practical terms this 
meant installation of 

PM 
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BS 

a beamshutter/absorber assembly 
identical to those installed inside the 
DORIS-ring tunnel. Additionally, sig-
nificant changes had to be made 

a) 

(b) The vertical angular beam profile on BW7B. 
For this measurement the reflected intensity from a perfect 
Si(111) crystal - mounted at the nominal position of a protein 
crystal - was recorded as a function of its vertical angular 
position (rocking curve), The angular width of 38 arcsec can 
be transformed into a wavelength spread fl. >.1>.= 1 0-3. 
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PLATE 97 

SM 
Schematic representation of the 2 
branches of the wiggler line BW7. 
W: 56-pole wiggler 

PM: plane SiC premirror, Rh-coated 
BW/BPM: Be-window, beam position monitor 
BS: water cooled tungsten beam splitter 
SL: water-cooled tungsten slits 
PE: photo emission intensity monitor 
M1: triangular monochromator for beam-line BW7B 
SM: segmented, vertically focusing quartz mirror 
LS: local shutter 
Ie: ionisation chamber 
M2: double crystal monochromator for BW7A 
ABS: white beam absorber 
The motorised optical benches in both 
experimental hutches are not shown. 

b) 



Besides the usual tubes and bellows for the X-ray beam-
path, the vacuum vessels for the double crystal monochro-
mator and the vertically focusing mirror - the two key com-
ponents of the line - are mounted on their respective support 
structures. Since, in particular MAD and EXAFS experi-
ments need very stable radiation with a small wavelength 
spread (D..)'/)' approx. 10-4), the mechanical accuracy, and 
therefore the complexity of the monochromator system, is 
much greater than that of the design used for BW7B. As 
for any double crystal arrangement on a wiggler line the 
central problem still is to provide effective cooling for the 
first crystal. For our first test!l with X-rays we will use a water 
cooled (jet cooled) channel-cut Si-crystal that was produced 
in our workshop. At a later stage this monolithic version will 
be replaced by a 2-crystal arrangement with an option for a 
sagitally focusing second crystal. Despite its complexity we 
tried to keep the mechanical design of the monochromator 
very versatile and flexible. All degrees of freedom that were 
required, i.e. Bragg angle, vertical-, horizontal translation, 
position of second crystal, are implemented from outside 
the vacuum system, encoded with high precision optical 
encoders and controlled by a DC-motor servo system. The 

entire assembly system was tested, and we achieved sta-
ble operation in the sub-micron positional and sub-arcsec 
angular range, respectively. 

Vertical focusing of the monochromatic beam will be 
achieved with segmented Rh-coated glass mirrors duplicat-
ing the well established design of BW7B. The mirrors are 
ordered and we hope to install them in March 1995 before 
the end of the winter shutdown. 

Similar to line 7B the experimental hutch of BW7A is 
equipped with a large optical table, which can be absolutely 
aligned with respect to the X-ray beam by three height and 
two horizontal stages and provides a versatile mounting 
platform for a wide variety of equipment. 

Tests on BW7A are scheduled right after the beam comes 
back in 1995, but it is obvious that the commissioning 
of this beam-line's complex monochromator system can 
only be performed in a step by step fashion and that 
we must allocate a considerable fraction of beam-time for 
that. 
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Protein crystallography 

Group leader: K.S. Wilson 

Scientists: C. Betzel, Z. Dauter, W. Rypniewski, A. Tepliakov 

Fellows: S. Eschenburg, G. Evans, V. Lamzin, A. Perrakis, T. Schneider, P. Sebastiao, G. Tepliakova-Oblomova*, I. Tews, M. Walsh* 

Visitors: A. Aberg, D. Alexeev, P. Alzari, A. Andersson, A. Antson, A. Athanasiadis, D. Banner, H. Bartels, H.-D. Bartunik, B. Bax, B. Behrend, 
N. Benali-Cherif, W. Bennett, H. Bercholdt, M. Bergdoll, R. Berger, T. Bergfors, Z. Berkovitch-Yellin, J. Bertrand, T. Bizebard, K. Bohlen, 
D.v.d. Boom, J. Brandsen, J. Bravo, P. Brownlie, M. Brzozowski, K. BOttner, C. Cambillau, A. Cameron, P. Cantau, E. Casale, E. Cedergren, 
T. Choinowski, M. Coli, E. Conti, J. Cooper, S. Cramer, S. Crennell, V. Cura, O. Damman, G. Davies, I. Dementeva, Z. Derewenda, K. Divne, 
F. Dominguez, S. Doublie, V. Ducros, P. Emsley, C. Engel, C. Enroth, M. Eriksson, U. Ermler, B. Etges, C. Evrard, S. Feil, R. Ficner, I. Fita, 
F. Fortunato, F. Franceschi, M. Fraser, C. Frazao, G. Fritzsch, F. Frolow, P. Fromme, S. Gamblin, M.-A. Garay, I. Garcia, E. Garcin, E. Garman, 
R. Golmohammadi, M. GrOtter, A. Guarne, D. GOnther, H.A.S. Hansen, S. Harms, H. Hartmann, E. Harutyunyan, J. Heeren, R. Hilgenfeld, 
W. Hinrichs, H. Hoier, C. Hoyer, W. Huang, J. HOhn, A. Hutloff, M. Isupov, E. Jacoby, M. Jeltsch, J. Josephsen, C. Jurinke, W. Kabsch, 
P. Kannelopoulos, R. Kaptein, A. Katrusiak, T. Kawashima, T. Keitel, T. Kim, G. Kleywegt, S. Knight, M. Knossow, M. Koch, S. Koellner, 
M. Kokkinidis, U. Kopke, F. Kozielski, J. Krause, N. Krauss, U. Krengel, R. Kuban, I. Kuranova, R. Lambert, E. Lammert, R. Lancaster, 
M. Lascombe, A. Lebedev, A. Leslie, K. Lewinski, A. Liesum, A. Liljas, B. liB, D. Logan, S. Longhi, S. Lorenz, A. LOchow, H. Luessen, M. Luic, 
M. Magali, E. Mandelkow, E. Mandelkow, S. Mangani, A. Marino, P. Mattias, G. McDermott, P. McLaughlin, J. Mesters, P. Metcalf, J. Meyer, 
M. Miller, W. Minor, A. Mitschler, R.v. Montford, M. Moore, J. Morais, Sch. More, S. MOiler, I. Munro, J. Murray-Rust, A. Musacchio, M. Neu, 
A. Nicolas, M. Noble, S. Noisoe, N. Nolte, T. Nordahl, C. Nunn, R. Nunn, M. Oertel, D. Ogg, Z. Otwinowski, A. Oubrie, D. Owen, M. Parker, 
A. Parraga, R. Pauptit, M. Perbandt, K. Petratos, K. Phillips, J. Pinkner, I. Polikarpov, R. Polster, K. Polyakov, A. Portner, R. Prassl, J. Priestle, 
W. Quail, A. Ramaswamy, S. Ransac, R. Recacha, B. Reich, I. Ridder, Ch. Romier, J.-M. Rondeau, A. Rose, J. Rossjohn, T. Rotharmel, 
A. Ruf, R. Russell, V. Rybim, M. Saarinen, S. Sack, I. Sagi, U. Sauer, F. Saul, K. Scheffzek, A. Schelta, V. Terwisscha, G. Schluckebier, 
F. SchlOnzen, A. Schmidt, H. Schreuder, K. Schroeter, W.-D. Schubert, O. Schweers, J. Seeman, L. Serre, J. Sevcik, C. Sharkey, L. Shimon, 
M. Sikorski, C. Smith, Y.-H. Song, H. Souchon, D. Specht, J. Stahlberg, M. Steffen, V. Stojanoff, N. Stonehouse, N. Strynadka, H. Subramanya, 
M. Szardenings, J. Tame,J. Tanner, G. Taylor, M. Tegoni, H. Teo, U. Teuschel, N. Thanki, K. Theis, J.-C. Thierry, S. Thirup, M. Thormahlen, 
A.M. Thunnissen, M. Thunnissen, J. Thygesen, B. Trinczeck, P. Tucker, R. Tyrrell, U. Uhlin, J. Uppenberg, B. Vainshtein, A. Varella, E. Vatzaki, 
F. Veilleux, K. Verschuren, N. Volkmann, V. Volkov, C. Vonrhein, G. Wagner, M. Walter, A. Weijland, U. Wendt, E. Wensch, H. Werner, S. White, 
C. Wiesmann, D. Wigley, K. Wild, M. Wilmann, C. de Wit, E. Wolf, A. Yonath, H. Zahres, T. Zerda, S. Zinser 

Assistants: M. DauterO, S. McLaughlin, H. Terry, M. Visanji 

Beam-lines 

The two bending magnet beam-lines, X11 and X31 , were in 
principle available throughout the year. Some weeks of time 
were lost in early summer on X31 due to the death of the 
prototype imaging plate scanner and the need to obtain and 
install a replacement. Such losses are unavoidable when 
we have no reserve detectors available. 

X11, with bent crystal germanium monochromator and flat 
segmented mirror, gives high intensity radiation at a fixed 
wave-length of 0.927 A. The line is equipped with an Oxford 
cryostream cooling device. The detector is a large MAR 
imaging plate. 

X31, with a channel cut silicon monochromator and toroidal 
mirror, gives lower intensity radiation but is readily tunable in 
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the wave-length range 0.7-2.0 A. X31 is therefore most ap-
propriate for optimised anomalous scattering experiments. 
To use optimally this line cryogenic freezing is essential and 
we hope to be in a position to purchase such a device during 
1995. The requirement for cryogenic cooling is clear: data 
are being collected around the metal absorption edge where 
absorption and hence damage can be severe, some of the 
wave-lengths are long by crystallographic standards (1.5 A 
and above) and data at several wave-lengths need to be 
recorded over a long period of time, preferably from the 
same crystal. 

The commissioning of the first of the two planned wig-
gler stations, BW7B, was completed during the spring and 
summer. During the rest of year the line was intensively 
used for in-house and visitors projects. The optical ele-
ments are presently similar to those for X11, with the bent 



monochromator and segmented mirror being preceded by 
a flat rhodium-coated pre-mirror to reduce the heat load 
on the monochromator, which is water cooled. A large 
MAR imaging plate scanner and Oxford cryostream cooling 
device are installed. 

Data reduction is now primarily carried out on the Silicon 
Graphics (SGI) network of computers. The MAR commercial 
software is used for image acquisition. The programme 
packages DENZO and MOSFLM are both supported for 
data reduction. We have positive collaborations with the 
authors of both. 

In November we ran a second data collection course of 
about 10 days jointly funded by the ESF and EU. There were 
5 lecturers and 18 students from most of the Member States. 
More than half of the students were able to return with useful 
data to their home laboratory. Due to the popularity and 
oversubscription of the first two, a third course is planned 
for 1995. 

In-house and collaborative projects 

Cytochrome Cs from the green alga Monoraphidium 
braunii. Ab initio structure determination of an 
electron carrier from the photosynthetic pathway 
(with C. Frazao, M. Carrondo (Lisbon), M. Hervas, 
J. Navarro, M. De la Rosa (Sevilla) and E. Pohl, 
G. Sheldrick (G6ttingen)). 

This was our most exciting result of the year: the world's 
first ab initio determination of a new protein structure from 
the structure factor amplitudes alone with no experimental 
or model phases. It reflects the interest the group has had 
in studying proteins at atomic resolution for refinement and 
phase determination. It is an ideal example of European 
collaboration involving protein purification in Seville, crystal-
lization and crystal characterization in Lisbon, data collection 
in Hamburg and phase determination in G6ttingen. Carlos 
Frazao was a key figure in this being active at all of the last 
3 sites. 

Cytochrome Cs (Cyt) is a redox haem protein with MW about 
10 kDa whose physiological role in oxygenic photosynthesis 
is the transfer of electrons from the cytochrome bsf complex 
to the chlorophyll molecule P700 of photsystem I (PSI). 
Cyt is the only electron donor to PSI in some cyanobac-
terial species, but it has been replaced by plastocyanin 
(containing copper) in higher plants. Nevertheless there are 
cyanobacterial and algal species that can synthesize both 
Cyt or plastocyanin depending on the levels of Fe and Cu 
in the medium. The equivalent physiological role of these 
two proteins is reflected in their similar size and redox 
potential. The two proteins are acidic in green algae, as 
is plastocyanin in higher plants, but can be acidic, neutral 
or basic in cyanobacteria. This looks like convergence of 
two totally different protein structures to provide similar 
functions. 

Data (99.8% complete) were collected to a resolution of 
1.1 A from a single crystal after a considerable struggle 

with beam-lines, and occasionally crystals. A set of data 
sufficient for ab initio phasing finally resulted, although 
the data beyond 1.3 A were weak by normal standards. 
These were analysed in G6ttingen to provide by Patter-
son search methods the positions of the Fe atom and the 
three S atoms (not in a cluster but in individual residues 
displaced from the Fe). From this starting point the rest 
of the structure, apart from a few disordered side chains, 
was automatically developed using the peak enhancement 
method of George Sheldrick. This is a major achieve-
ment and indicates that for small to medium metallopro-
teins it is worthwhile putting considerable effort into get-
ting high quality crystals and recording atomic resolution 
data. 

Automated refinement for protein crystallography 

The most powerful tool for determining the three-
dimensional structures of molecules is X-ray crystallogra-
phy. However it is necessary to solve the phase problem. 
Both the amplitude and phase of the structure factors are 
needed, but unfortunately only the amplitudes are pro-
vided by the experiment. For small structures, the phase 
problem can be automatically solved by direct or Patter-
son methods as diffraction data extend to atomic (about 
1.2 A) or higher resolution. The resulting atomic model is 
refined and updated in an automated way through itera-
tive cycles of least-squares minimisation alternating with 
Fourier syntheses. Stereochemical restraints are not re-
quired for well ordered parts but may be introduced for 
disordered regions. Such a scheme is realised in many 
programs used in small molecule crystallography, e.g. 
SHELX written by Gerorge Sheldrick, University of G6ttin-
gen. 

For several years we have been interested in the record-
ing of X-ray data on proteins to atomic resolution. Atomic 
resolution data have now been collected in EMBL Hamburg 
alone for about 20 proteins from both visitors and in-house 
projects. Nevertheless in spite of the appplication of syn-
chrotron radiation, area detectors and cryogenic temper-
atures, ab initio phase determination is still not possible 
for most of these. The success of Patterson superposition 
methods in the direct solution of rubredoxin and cytochrome 
Cs (see above) is dependent on the presence of metals in 
these proteins. 

Structure solution for most proteins therefore requires ex-
perimental (obtained by multiple isomorphous replacement 
(MIR)) or model phases provided by molecular replace-
ment (MR). The starting phases can be improved in two 
senses: (1) they should be extended to the full data set, 
(2) refined using techniques such as solvent flattening. 
The partial atomic model obtained from interpretation of 
the map is then refined using least-squares minimisa-
tion. However for proteins at less than atomic resolution 
there is a paucity of X-ray terms which have to be sup-
plemented by stereochemical restraints. Refinement does 
not proceed automatically, but requires adjustment of the 
model using computer graphics and various Fourier synthe-
ses. 
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PLATE 98 

Scheme of ARP. Successive automated updating interspaced with 
least-squares refinement can provide substantial changes in the 
model. Updating includes removal of some atoms (crossed out) 
and addition of new atoms (filled circles). 

The automated refinement procedure (ARP) was developed 
earlier by Victor Lamzin to address some of the problems, 
Plate 98. It has been further extended during 1994. ARP 
involves updating of the current model by addition or re-
moval of selected atoms on the basis of Fourier syntheses, 
followed by a cycle of least-squares minimisation. This is 
iterated until convergence. Objective criteria are used for the 
atom updating. The approach is related to the early refine-
ments of small molecule structures, where the model was 
developed through alternating rounds of least-squares and 
inspection of difference maps. A paper on the present status 
of ARP has been submitted to Methods in Enzymology. 

We here describe unrestrained ARP as an automated 
heavy-atom method for a medium sized structure. For a 
complex of ,B-cyclodextrin with a bromine-containing ligand 
a coordinate set comprising one bromine atom from the 
Patterson synthesis was used as a starting model. The 
initial model gave an R-factor of 56% at 1.03 A resolution. 
The drop in R-factor was slow during the first 20 cycles. At 
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ARP as an automated heavy atom method for ,B-cyclodextrin with a 
bromine containing ligand at 1.03 A. (a) (3Fo-2Fc, ac) map for the 
initial model containing 1 bromine atom only; (b) ARP (3Fo-2Fc, 
ac) map and ARP atoms connected on the basis of interatomic 
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that stage the ARP model became complete and accurate 
enough to allow rapid convergence. The final ARP model 
(one Br and 123 "new atoms") gave a mean phase error 
(compared to final model) of 16· even though all atoms 
except bromine were refined as oxygens. 115 of the new 
atoms represented all the non-hydrogen atoms in the final 
model, 2 compensated for anisotropic motion of bromine 
and 3 corresponded to hydrogen atoms. Representative 
density for initial and ARP models is shown in Plate 99. The 
criteria for ARP atom selection were developed for protein 
structures at a resolution of 1.5 to 2.0 A. It is encouraging 
that these criteria are applicable to a medium size non-
protein structure at atomic resolution. 

Cryocrystallography of biological macromolecules 

X-ray data collection at cryogenic temperatures in the range 
between 90· K and 120· K has been performed routinely on 
EMBL beam-lines X11 and BW7B during 1994. The effect 
of carrying out the data collection at low temperatures is 
twofold. Diffusion of free radicals produced by the incident 
radiation is prohibited thus eliminating radiation damage. 
Secondly, thermal vibrations are greatly reduced rendering 
reflections at higher resolution measurable. A large number 
of datasets have been acquired on crystals mounted in 
fiber-loops and shock-frozen in a stream of cold gaseous 
nitrogen. The cryoprotective solutions used to avoid ice 
formation in and around the crystal were mainly based on 
addition of glycerol or low molecular weight PEG's. Two 
typical examples of improvements in data quality obtained 
by going from ambient to cryogenic temperatures are given 
in Plates 100 and 101. 
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distances. The location of bromine is labelled. Contour levels are 2, 
3 and 4 rr above the mean. Map limits are: x 0/60 to 60/60, Y 20/68 
to 34/68, Z 01128 to 60/128. 



PLATE 100 

Rmerge as a function of resolution for data collected at 300 K (black) 
and 120 K (grey) on a mutant of HPJI-catalase. The limiting resolu-
tions of 2.2 A and 1.9 A respectively are indicated. Cryoproctectant: 
15% PEG3350 (collaboration with J. Bravo & I. Fita, Barcelone). 
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Ribonuclease from Streptomyces aureofaciens at 
atomic resolution (with J. Sevcik (Bratislava)) 

For small molecules there are sufficient X-ray data, typ-
ically to 1.0 A resolution or better, to refine the atomic 
parameters against these data alone. For an anisotropic 
atomic model, for each atom there are 9 parameters 
to be refined. Nevertheless at 1.0 A the X-ray observa-
tion:parameter ratio is about 5:1, quite sufficient to define 
a good least-squares minimum. The situation is quite dif-
ferent for proteins where the resolution is generally less 
than atomic and in addition the crystal contains about 50% 
aqueous solvent. This gives severe complications in pro-
tein crystallography for both structure solution and refine-
ment. 

The X-ray data are therefore complemented by restraints 
based on known structures of small molecules. The lat-
ter, however, may not be completely valid for proteins 
and one aim of the present series of atomic resolu-
tion protein structures at EMBL is the derivation of a li-
brary based on real proteins. For the ordered regions of 
the present structure it should be possible to carry out 
completely unrestrained refinement. However the informa-
tion from the X-ray terms alone is not enough to de-
fine residues or side chains which are poorly ordered or 
present in multiple conformations, as is also found for small 
molecule structures, and weak restraints are therefore re-
quired. 

Ribonuclease from Streptomyces aureofaciens (RNase Sa) 
is a guanylate endoribonuclease 96 residues in length which 
highly specifically hydrolyses the phosphodiester bonds of 
RNA at the 3'-side of guanosine nucleotides. We have 
worked on RNase Sa for several years gradually extending 
the resolution from its initial value of 1.8 A the data for which 
were collected on film. 

PLATE 101 

Rmerge as a function of resolution for data coillected at 300 K (black) 
and 120 K (grey) on a PMSF-inhibited form of a serine proteinase 
from Nocardiopsis. The limiting resolutions of 1.12A and 0.96A 
respectively are indicated. Cryoproctectant: 25% glycerol. 
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Using synchrotron radiation and an imaging plate scanner 
data have been recorded at room temperature to 1 .20 A 
resolution from a crystal of native enzyme and to 1.15 A from 
a crystal of a complex with guanosine-2'-monophosphate. 
The structures have now been refined with anisotropic 
atomic temperature factors and with hydrogen atoms added 
at their expected positions to R-factors of 10.6 and 10.9%. 
Estimated errors in the coordinates are 0.05 A and for the 
well ordered part of the main chain fall to below 0.02 A. The 
two independent molecules in the asymmetric unit allowed 
detailed analysis of peptide planarity and some torsion an-
gles. The high accuracy of the analysis revealed density for 
a partially occupied anion in the nucleotide binding site of 
molecule A in the native structure which was not seen at 
lower resolution. The solvent structure was modelled using 
ARP. This RNase Sa is one of the first protein structures 
refined to atomic resolution. It is important for critical evalua-
tion of previously obtained results and contributes to general 
knowledge of protein structures. The main aim of this work 
is to provide improvements in protein and solvent model 
and in addition to compare results from different refinement 
procedures. 

As an example of extra information gained from such high 
resolution analyses, RNase Sa was refined with weak re-
straints on peptide planarity. The histogram of the wangles 
is shown in Plate 102(a), where molecules A and B in the 
native structure gave 188 contributors in total. The distribu-
tion is not symmetric: it has a mean value of 178.0° , with a 
standard deviation of 5.8° . Thus the peptide is often consid-
erably non-planar and the average value of w deviates by 
2°from planarity. To ensure that the deviations in wangles 
are real and do not merely reflect random errors in the model 
and that the observed values do not suffer from the relatively 
small (188) sample size, the correlation between wangles in 
the A and B molecules is shown, Plate 1 02(b). The 94 points 
fit well to a straight line, which would represent identity. 
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Proteinases 

The in-house projects on both trypsin-like and subtilisin 
proteinases were actively pursued. 

Atomic resolution data from Savinase at 110 K 
(with C. von der Osten (Copenhagen)) 

Savinase is a subtilisin-like serine proteinase containing 
about 270 amino-acids. Its structure has previously been 
solved and refined at 1.4 A resolution in the outstation 
against X-ray data collecteQ at room temperature. Now 
we have collected data at cryogenic temperature. A small 
plate-shaped crystal of largest dimension 0.15 mm and 
thickness less than 0.05 mm was dipped for 20 seconds in 
cryoprotecting solution containing ca. 20% of glycerol and 
then rapidly frozen in a stream of cold nitrogen, while sitting 
in the fibre loop. 1.0 A resolution data were collected from 
this crystal without any sign of radiation damage. The cell 
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Molecule A 

The wangles for ribonuclease Sa. There are two independent 
molecules of RNase in the asymmetric unit, A and B. 
(a) Histogram of values in molecules A and B 
(b) wangles fram molecule A vs B. 
Angles corresponding to glycines and pralines are indicated by 
crosses. 

210 

PLATE 103 

The glycerol molecule found bound to Savinase after a 20 s soak 
before freezing. 

dimensions of the frozen crystal did not shrink in comparison 
with the room temperature values. 102,000 unique reflec-
tions were obtained from 630,000 individual measurements, 
with overall completeness of 97% and Rmerge(l) of 3.5%. 

The structural model has first been refined with the classic 
restrained Konnert-Hendrickson program using the ARP 
approach for treating solvent molecules but without the con-
tribution of hydrogens. This led to an R-factor of 17.7% after 
introducing several side-chains in double conformations. 
The refinement is being continued with SHELXL93 with 
anisotropic atomic temperature factors and with hydrogen 
atoms included at their calculated positions. The refinement 
is in progress and the current R-factor is 13%. 

Several new features can be seen in the electron density 
maps. A number of side-chains show double conformations 
with variable occupancy of the components. One molecule 
of glycerol is visible at the surface between two savinase 
molecules, Plate 103, hydrogen bonded to several polar 
groups. Many water molecules clearly show alternative, par-
tially occupied positions which are currently being modelled. 

Fusarium oxysporum trypsin 
(with C. von der Osten (Copenhagen)) 

The uninhibited form of F.oxysporum trypsin crystallises in 
space group P1, with one molecule per unit cell. Diffrac-
tion data had previously been collected to 1.07 A on the 
BW7B wiggler and X31 bending magnet beam-lines. Scal-
ing and merging the data gave 70,300 unique reflections 
between 1.07 and 10.0 A, 91.2% of all possible reflections. 
The merging R-factor was 8.1 %. The crystal structure was 
solved by molecular replacement, using as the starting 
model the structure of the inhibited enzyme from monoclinic 
crystals. The model was initially refined by 20 cycles of 
stereochemically restrained least-squares minimisation to 
an R-factor of 16.2% and Rfree of 18.2%. Further refinement, 
with anisotropic temperature factors, is in progress using 
the program SHELXL93. The current R-factor is 11.0%. 



Preliminary results show an arginine residue bound in the 
specificity pocket of the enzyme. This agrees with the prefer-
ence of F.oxysporum trypsin for arginine over lysine. There 
is additional, as yet uninterpreted density in the region where 
substrate binds. Comparison with the bovine trypsin-bovine 
pancreatic trypsin inhibitor complex reveals a reasonable 
correspondence of the unaccounted for density with BPTI 
in the region of the catalytic site. The peptide, or a mixture 
of peptides, bound in the specificity pocket and in the active 
site is most likely to be the autodegradation product of the 
enzyme. 

-Most hydrogens are visible in the (Fo-Fc) density map. The 
hydrogen of the OH-group of the catalytic Ser195 has not 
yet been identified. The catalytic His57 does not appear to 
be doubly protonated. 

A second data-set was collected at 100 K to a resolution of 
0.93 A on the BW7B wiggler beam-line. Scaling and merging 
the data gave 107,410 unique reflections between 0.93 and 
10.0 A, 91.7% of possible reflections. The merging R-factor 
was 4.4%. After 20 cycles of stereochemically restrained 
least-squares refinement with isotropic temperature factors 
the R-factor was 17.9% and Rfree 20.5%. Further refine-
ment with anisotropic temperature factors is in progress. 
Currently, the R-factor is 11.2%. Preliminary results show 
that, in contrast to the 4 0 C structure, the specificity pocket 
is empty. There is density near the catalytic Ser195 but 
it has not yet been interpreted. Although the cell dimen-
sions have not changed significantly with respect to the 
4 0 C structure there are local differences between the two 
structures. 

Crystal structure determination of a bacterial trypsin 
at 0.96 A resolution using cryogenic techniques 

Subtilisins (with N. Genov (Sofia), T.P. Singh 
(New Delhi) & P. Fittkau and K. Peters (Halle)) 

The in-house programme on the subtilisin proteases and 
their complexes with different peptides was continued. In 
collaboration with Halle and Sofia the structure of the natural 
mutant of subtilisin Carlsberg subtilisin DY was refined to 
1.75 A data. This structure fits into our major programme 
of structures of subtilisin proteinases to high resolution. A 
publication is in preparation. 

Mutants of a subtilisin were analysed in the view of changes 
in the position of the internal waters. Positions which are 
involved in the hydrogen bond network of internal water 
molecules forming a water channel were specifically mu-
tated. The water channel and most of the other internal 
water molecules are positioned in the interface between two 
half-domains of the subtilisin molecule. The structures which 
were analysed indicate that the internal water molecules are 
structural and may be the result of trapping during the folding 
process. 

In collaboration with Delhi and Halle we have crystallized 
and solved the structure of three complexes of proteinase 
K and specially designed peptides and with gramicidin S 
to develop new potential inhibitors and new peptide antibi-
otics. The complex with gramicidin showed peptide strands 
fully occupying the S1-subsite and the recognition site with 
cleavage at S1, Plate 104. This is the first time that electron 
density in the S1 site of a proteinase has been observed. 
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temperature factors and hydrogens at idealized positions. 
The refinement converged at Rwork=8.5% and Rfree=1 0.7%. 
Despite a uniform decrease in temperature factors, the low 
temperature structure still exhibits a substantial amount of 
disorder. In ordered parts of the structure hydrogen atoms 
can be clearly localized from the the electron density. 

PLATE 104 

The S1 binding site in proteinase K. 
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X-ray diffraction studies on g/ucosamine-6-phosphate 
synthetase (with B. Badet & M.-A. Badet-Denisot 
(Paris)) 

Glucosamine-6-phosphate synthetase belongs to the F-type 
family of amido-transferases. It catalyses the first step in 
the hexosamine biosynthesis pathway: glutamine + fructose-
6-phosphate -> glutamate + glucosamine-6-phosphate. 
Further steps lead to the generation of uridine diphospho-
N-acetylglucosamine (UDPGlcNAc); the unique precursor of 
all amino-sugar-containing molecules. The inhibition of the 
microbial and human may have important impli-
cations, in antibacterial/antifungal therapy during immuno-
repression and in treatment of insulin-resistant conditions 
such as type 2 diabetes. 

The E.coli enzyme is a 67 kDa homodimer, consist-
ing of two domains, cleaved uniquely by chymotrypsin 
at Tyr240. The N-terminal domain possesses the same 
capacity to hydrolyse glutamine to glutamate as the na-
tive protein. The amino-acid sequence of this glutamine-
binding domain is highly conserved among the F-
type amido-transferases. The C-terminal domain binds 
fructose-6-phosphate. The two domains of the E.coli en-
zyme have been separately overexpressed and crystal-
lized. 

The glutamine amidase domain crystallized in the space 
group P212121, with cell dimensions a= 70.4, b=82.5, 
c=86.1 A. 99% complete data, to 1.9 A resolution, were 
collected. Inspection of the diffraction pattern and the native 
Patterson show that the crystal lattice is pseudo C-centred. 
This has caused severe problems for the interpretation of 
difference Patterson maps between native and heavy-atom 
derivative data. The homologous glutamine amidase do-
main of PRPP amido-transferase, recently solved to 3 A, 
has been used as a model for molecular replacement. A 
solution was obtained, although initial phases were poor. 
One crystal, grown under identical conditions, indexed in a 
monoclinic cell, with spacegroup P21; a=53.4 A, b=87.3 A, 
c=56.6 A, ,8=98.9 0

• The pseudo-translation between the 
two independent molecules does not exist in this lattice. 
In the monoclinic cell, the two molecules in the asym-
metric unit should be related by a non-crystallographic 
twofold axis, given that the packing remains the same 
as in the orthorhombic lattice. Multiple isomorphous re-
placement using this monoclinic crystal form seems pos-
sible. 

The fructose-6-phosphate binding domain crystallized in 
the hexagonal space-group, P61, a=b=63.5 A, c=334.3 A. 
Diffraction data to 2.6 A were collected. Self-rotation studies 
show the presence of a non-crystallographic twofold axis 
between the two independent molecules in the asymmet-
ric unit. The position of this axis is inconsistent between 
data-sets, even appearing to vary with time within a single 
crystal. This result rationalizes difficulties in the merging of 
data and bodes ill for the search for heavy-atom deriva-
tives. Possible methods of "fixing the axis" are currently un-
der investigation, including the introduction of cross-linking 
within the crystals and data collection under cryogenic con-
ditions. 
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Crystallization and preliminary X-ray analysis 
of T4 deoxynucleotide kinase (with M. Bessman 
(Baltimore) ) 

The aim is to investigate the mechanism underlying the 
unusual specificity of bacteriophage T 4 deoxynucleotide 
kinase by X-ray diffraction. The enzyme catalyzes the phos-
phorylation of 5-hydroxymethyldeoxycytidine monophos-
phate (hmdCMP), deoxythymidine monophosphate (dTMP) 
and deoxyguanosine monophosphate (dGMP) in the pres-
ence of adenosine triphosphate (ATP) and Mg2+. The 
enzyme exists as a homodimer in the presence of ,8-
mercaptoethanol with a subunit molecular weight of 23 kDa. 

Initial crystal screening conditions gave microcrystals with a 
wide variety of salts, polyethyleneglycols (PEGs) and over a 
wide range of pH. Further purification by FPLC removed the 
oligomeric forms of the enzyme, which were detected by na-
tive polyacrylamide gel electrophoresis. Addition of dioxane 
has improved the quality of the crystals. Crystals belong 
to the monoclinic space group C2 (a=155.2 A, b=58.5 A, 
c=75.7 A, ,8=108.Q, with 2 molecules per asymmetric unit. 
Native X-ray data were collected on the wiggler beam-line 
BW7B to 2.0 A resolution; Rmerge=5.9% . A search for heavy 
atom derivatives is in progress. 

Xylanase (with H. Bisgard-Frantzen & T. Halkier 
(Copenhagen)) . 

Cellulases and xylanases, digesting the plant cell wall, have 
potential use in many chemical and pharmaceutical pro-
cesses. They have very low turnover rates and it would be 
beneficial to obtain genetically modified variants showing 
higher specific activity against their natural substrates. This 
requires a detailed knowledge of the catalytic mechanism 
at the atomic level. We describe the structure of native 
xylanase from Bacillus pumilus DSM strain 6124 and its 
complex with xylobiose. Xylanase belongs to family 11 
of endo-1,4-,8-D-glucosidases and catalyses the random 
cleavage of the 1 ,4-glycosidic bonds of the xylan backbone. 
The protein is a monomer of 200 amino-acids and differs in 
sequence from xylanases for which the crystal structure is 
known. The protein fold shows no relation to that of any of 
the cellulases. We made an attempt to clarify the protonation 
state of the catalytic residues by comprehensive refinement 
of the native structure at high resolution. 

Crystals are in the monoclinic space group C2 with cell 
parameters a=105.5, b=47.9, c=52.6 A, ,8=115.8 0

• The na-
tive structure refined at 1.5 A resolution to an R-factor of 
14.3% with isotropic temperature factors and to 10.1 % when 
anisotropy is taken into account. The significance of this 
improvement is confirmed by a 2.7% drop in Rfree. The 
anisotropic refinement allowed the correction of several 
side chains and improvement of the solvent structure. The 
upper estimate of the root mean square error (r.m.s.) in the 
coordinates is 0.05 A for native enzyme and 0.18 A for the 
complex. The presence of xylobiose in the structure of the 
complex is certain. Its conformation agrees with the ener-
getically allowed regions computed for cellobiose. Binding of 
xylobiose results in conformational changes in the protein. 
The overall r.m.s. deviation between CA atoms in the two 



structures is 0.26 A. Most of the changes occur around the 
active site cleft, which becomes narrower when xylobiose 
binds. 

Xylanase catalysis occurs as a double displacement SN1 re-
action where the configuration about the anomeric centre of 
the polysaccharide is retained. The mechanism is expected 
to be to some extent similar to that of lysozyme, where two 
acidic residues, glutamate and aspartate, act as nucleophile 
and acid/base catalyst. There are two glutamates, Glu93 
and Glu182, in the xylanase structure, fully conserved in 
the known sequences. Five solvent atoms are involved in an 
H-bond network with glutamates in native xylanase. 
In the complex the solvent atoms are replaced by xylobiose. 

A separate experiment was performed in order to define 
the degree of protonation of carboxylate groups with tem-
perature factors less than 40 in the native structure. Both 
catalytic glutamates are likely to be in a protonated form 
and, if so, have a hydrogen attached at the oxygen atom 
separated from CD by a longer distance. This does not 
necessarily imply full protonation. Partial protonation is also 
possible. 

We conclude that at pH 5.0 both catalytic glutamates are 
probably protonated and lysozyme-like catalysis seems to 
be impossible. However at this pH this xylanase is inactive 
as shown by kinetic measurements. From the structure 
of the complex we conclude that the distances between 
corresponding atoms of the glutamates and xylobiose seem 
to be too long for a catalytic interaction. However xylobiose 
is a product of the hydrolysis and longer polysaccharides 
may bind in a different manner and induce other changes 
around the active site. 

Leukemia inhibitory factor 
(with Amgen (USA) and the University of Oxford (UK)) 

The structure of the human form of leukemia inhibitory 
factor (LlF) was solved. LlF is a polyfunctional molecule 
with significant and diverse biological activities. It is a gly-
coprotein secreted by a number of different cell types in 
vitro. It is induced in fibroblasts, lymphocytes, monocytes 
and astrocytes by various inducers such as serum, tumour 
necrosis factor (TNF), interleukin-IP and epidermal growth 
factor (EGF). Due to extensive and variable glycosylation 
the molecular weight can range from 38 to 67 kDa. The 
biological functions of leukemia inhibitory factor (LlF) are 
mediated through a receptor and a signal transducer gp130, 
which is also used by factors like interleukin-6 (IL-6), cil-
liary neurotropic factor (CNTF), and oncostatin M (OSM). 
Here, we report the crystallization of the non-glycosylated 
human-like LlF expressed in E.coli. Data were collected to 
3.0 A. The structure was solved by molecular replacement 
and refined, Plate 105. 

Superoxide dismutase (with S. Mangani 
(Siena) & P. Orioli (Florence)) 

Superoxide dismutases (SOD) protect aerobic organisms 
against the toxic effects of the superoxide radical (02-) by 
catalysing its dismutation to molecular oxygen and hydrogen 

peroxide. During the reaction the active site metal ion is 
alternately oxidized and reduced. The crystal structure of 
bovine Cu, Zn SOD has been examined in which the active 
Cu-ion has been reduced from Cu(lI) to Cu(l) by soaking the 
crystals with sodium ditionite under nitrogen atmosphere. 
The crystals, obtained at pH 7.5, belong to space group 
P212121. Two models were refined independently against 
two different data-sets collected to 1.9 A and 2.0 A. The 
R-factors were 16.6% and 15.3%. The two data-sets were 
merged and refinement was completed against the final, 
merged data. The R-factor for the final model was 15.6%. 

Co-ordinate errors were estimated by comparing the two 
independently refined models. This gave a detailed error 
estimation as opposed to the standard ()" A and Luzzati 
plots which estimate only the overall error. The overall 
error for protein co-ordinates estimated from comparing the 
two independently refined models was 0.08 A, less than 
the estimate based on the ()" A or Luzzati plots (0.18 A). 

PLATE 105 

The schematic fold of human leukemia inhibitory factor. 
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PLATE 106 

Superoxide dismutase (SOD). A van der 
Waals dot surface representation of the 
chain of solvent molecules filling the 
grove of the catalytic centre. 

The high quality of the final model combined with the error 
estimates allowed a detailed analysis of the protein and 
solvent structures. 

Contrary to results obtained from spectroscopic studies, 
the co-ordination of the metal ions in the catalytic site is 
preserved in the crystal structure of the reduced enzyme, as 
compared to the crystal structure of the oxidized form. Anal-
ysis of the solvent reveals a well-defined chain of closely 
packed, hydrogen bonded water molecules filling the active 
site grove, Plate 106. This structural feature could serve as 
a hydrogen bond relay for efficient delivery of protons to 
the active centre. Analysis of electron density suggests that 
Glu119 is covalently modified, Plate 107. The modification, if 
present in vivo, could have a role in the catalytic mechanism 
and affect the overall electrostatic field in the active site. 
There are significant differences between the active sites of 
the two crystallographically independent monomers. They 
can be explained in terms of local differences in the crystal 
environment. 

PLATE 107 

Region of the SODr catalytic site show-
ing chemically modified Glu119. Thin 
contours represent (3Fo-2Fc) map at 
1 (7 level. Thick contours show posi-
tive regions of (Fo-Fcl map contoured 
at 3(7. The maps were calculated with 
no atoms present in the density near 
Glu119. A dummy atom is shown in 
the position where previous refinement, 
with van der Waals repulsion term sup-
pressed, placed a ''trial'' atom consisting 
of 10 electrons. 
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Comparison between apo-LADH and its 
complexes (with E. Cedergren-Zeppezauer (Stockholm) 
& S. AI-Karadaghi (Lund)) 

Horse liver alcohol dehydrogenase (LADH) is a dimeric 
enzyme consisting of subunits divided into two domains -
a catalytic domain, with two Zn2+ ions and a coenzyme 
binding domain which has a typical dinucleotide a/,B-fold. 
Several low or medium resolution crystal structures have 
been obtained some of which comprise a distinct confor-
mational state of the enzyme. They comprise unliganded 
enzyme, coenzyme-protein complexes with inhibitors and 
substrate as well as active site metal substituted enzyme. 

With the availability of synchrotron X-ray sources the possi-
bility of collecting high quality, high resolution data is realis-
tic. This is needed to interpret the physicochemical data on 
the enzyme in the literature. Recently the 1.8 A resolution 
structure of triclinic LADH in complex with NADH and the 
active site zinc bound inhibitor dimethyl sulfoxide (DMSO) 



was published. This ternary complex (LADH-NADH-DMSO) 
represents one of the three known conformational states 
of NADH complexes of LADH and is denoted the closed 
conformation. This structure permitted us for the first time to 
define accurately the parameters of the secondary-structure 
elements, the solvent structure of the enzyme and revealed 
that NADH makes contact to the protein via several wa-
ter molecules some of which are deeply buried. This is 
a novel aspect of LADH-NADH binding. The metal-ligand 
bond lengths and angles have also improved in accuracy, 
which means that we can more reliably compare geometrical 
differences between "foreign" metals inserted into the active 
metal centre. -

The structure of the native zinc-LADH-NADH-DMSO was 
compared with the novel copper-substituted LADH-NADH-
DMSO complex. The coordination geometry was different 
in the two cases. Zinc is tetrahedral, but copper is trigo-
nal. In the Cu(II)-LADH complex the distance from metal 
to the inhibitor DMSO is more than 1 A longer than for 
the zinc enzyme and in one subunit exceeds 3.2 A. This 
indicates a weak interaction between copper and ligand. 
However, the three strong protein ligands NS2 (NE2 from 
His 67 and two sulphurs from cysteine residues 46 and 
174) form a ligand sphere that closely resembles the three 
strongly bound ligands in small blue proteins (N2S) and 
the bond length between the Cu(lI) ion in LADH and the 
oxygen atom of DMSO is of the same order of magnitude 
as the weaker ligands (either methionine sulphur or car-
bonyl oxygen) in azurin, pseudoazurin and plastocyanin. 
Cu(II)-LADH has spectroscopic pro'perties similar to the 
natural type I copper sites and has been utilised as a 
model system for the CuA, type I site in cytochrome c-
oxidase. The copper- and zinc-enzyme complexes crys-
tallize in two different space groups (P21 and P1) and 
represent a closed enzyme conformation. A detailed in-
spection of the two structures showed that the conforma-
tions are similar within the error limit of the determina-
tion. 

Cadmium-substituted LADH was determined to 1.95 A res-
olution and is a binary complex of LADH with NADH. There 
are two aspects with functional implications. One is the 
metal geometry, because this Cd(II)-substituted protein is 
enzymatically active, but slow acting. It also shows much 
stronger NADH binding, based on binding studies in so-
lution. Thus, it is important, on a structural basis, to un-
derstand these properties. The results obtained till now 
again show that the metal geometry in the cadmium-enzyme 
complex is different from native LADH. 

The structure of unliganded LADH to 1.9 A resolution has 
been refined. Apo-LADH crystallizes in C2221 in the open 
conformation. A detailed comparison is being made between 
the open, unliganded structure, in which the protein has 
a water ligand bound to the Zn(lI) ion and is in the open 
conformation with that of the binary NADH complex in 
the closed conformation. They in turn will be analyzed 
to describe the details of the differences between ternary 
complexes with NADH and an inhibitor bound to zinc instead 
of water. 

Visitors projects 

Three representative visitors projects are briefly summa-
rized. 

6-S-hydroxyethylated 6-thiocyclodextrins: expandable 
host molecules (M. Walsh, P. McArdle (Department of 
Chemistry, University College, Galway, Ireland) & C.-C. 
Ling, R. Darcy (Department of Chemistry, University Col-
lege, Dublin, Ireland)) 

Cyclodextrins are a family of torus-shaped macrocyclic 
oligosaccharides. The a-, f3- and '}'-cyclodextrins (CDs), 
cyclomaltohexaose, cyclomaltoheptaose and cyclomaltooc-
taose, respectively are well known for their ability to include 
and transport a wide variety of organic molecules. In gen-
eral, it is considered that the cavity size of a-CD is suitable 
for complexation of derivatives of benzene, while the cavity 
sizes of f3-CD and ,},-CD are also suitable for derivatives 
of naphthalene and anthracene, respectively. Although they 
have different cavity diameters, the heights of the cavities 
are about the same, 7.9 A, and the maximum volume is fixed 
in each case. To our knowledge, no attempt has been made 
to synthesise derivatives of cyclodextrin capable of varying 
the size of their hydrophobic cavity. We are interested in 
hosts with variable cavities for two purposes: either they 
could vary their cavity size to suit complexation of guests 
of different size; or they could complex more than one 
molecule by enlarging the cavity volume, so increasing the 
effectiveness of transport or bimolecular guest interactions. 

OH 

1: n=6 
2:n=7 
3:n=8 PLATE 108 

Compounds (1-3) have been synthesised, the ,},-CD deriva-
tive is the most interesting as it has the highest solubility 
in water. The compound has been successfully crystallized 
with the inclusion of sodium anthraquinone-2-sulfonate. x-
ray data were collected at room temperature using syn-
chrotron radiation to 0.86 A. The structure was solved us-
ing direct methods, but we failed to locate the complexed 
sodium anthraquinone-2-sulfonate and the SCH2CH20H 
side-chain atoms. Therefore X-ray data were collected at 
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100 K in an attempt to overcome this problem. Additional 
atoms have been located in the low temperature structure, 
for which further refinement is in progress. 

Structural and thermodynamic studies on mutants 
of the redox protein flavodoxin from desulfovibrio 
vulgaris (M. Walsh, A. McCarthy, P. McArdle, 
D. Cunningham, T. Higgins (Galway)) 

The flavodoxins are a group of small (15-23 kDa) electron 
transfer proteins containing as cofactor one molecule of 
flavin mononucleotide (FMN);.ln contrast to free FMN which 
undergoes a 2e- reduction the flavodoxins function as 
single e- carriers, cycling between semi- and fully reduced 
states. In all flavodoxin structures determined to date, the 
FMN is bound on one side of the molecule with the isoal-
loxazine ring sandwiched between hydrophobic residues. In 
D. vulgaris flavodoxin Trp60 lies between the flavin face and 
the interior, while Tyr98 flanks the other face. On reduction 
of the protein a new hydrogen bond forms between the 
N(5)H of the FMN ring and a carbonyl oxygen at Gly61. A 
large range of mutants at residues 60, 61 and 98 have now 
been made and thermodynamically characterised. Diffrac-
tion data for the mutations G61 A and G61 L were collected. 
In the case of the G61 A mutation, data were collected on 
the oxidized form of the mutant to a resolution of 1 .48 A on 
the X11 beam-line. For the G61 L mutation, diffraction data 
(oxidized form) to a resolution of 1.75 A were collected on 
the wiggler beam-line. In both cases the data obtained were 
of exceptional quality. The merging R-factor's were 3.9% 
and 4.6% for the G61 A and G61 L data-sets respectively. 
The completeness was 98.4% and 99.8% for the G61A 
and G61 L mutations. Both mutants crystallized in space 
group P21212 with similar unit cell dimensions. The G61 A 
mutant structure was solved using molecular replacement 
and refined. Results to date indicate a structural diversity 
in one of the loop regions. This is a surface loop involved 
in protein-protein recognition and also in flavin binding. The 
structures of both the oxidized G61 A and G61 L mutants 
show a 7 A movement in this region. The structural flexibility 
of the FMN binding region in D.vulgaris flavodoxin, from 
these initial studies, suggests that the protein-FMN interac-
tions, invoked in the literature to explain stabilization of the 
semi-reduced state of the protein and the dramatic change 
in protein/FMN affinities with redox state, are inadequate for 
a full understanding of the structure/function relationships. 
It is hoped that further structural analysis on a wide range 
of carefully selected mutants in their three oxidation states 
will provide an adequate experimental basis for describing 
the protein/FMN functioning. 

Ca cytochrome from Desulfovibrio gigas at 1.8A 
resolution (P.M. Matias, J. Morais & R. Coelho 
(Oeiras), K. Wilson & Z. Dauter (EMBL), L. Sieker 
(Oeiras & Seattle) and MA Carrondo 
(Oeiras & Lisbon)) 

Cytochrome c3 from the sulfate reducing bacteria Desul-
fovibrio gigas is a monomeric tetrahaem protein of low 
molecular mass (13.5 kDa) and low redox potential. Each 
of the four haems is covalently attached to a polypeptide 
chain of 112 amino-acids by two thioether linkages provided 
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by cysteine residues. The haem axial ligands are histidine 
residues. 

Although the physiological role of cytochrome C3 in Desul-
fovibrio is still unclear, extensive studies were undertaken 
in order to elucidate the redox behaviour of this system. A 
thermodynamic model for the interpretation of the cooper-
ative functional properties of cytochrome C3 from D.gigas 
was proposed, followed and connected to a kinetic study 
of the reduction mechanism and the assignment of the 
haems in terms of their midpoint redox potentials using two 
dimensional 1 H NMR. 

The three-dimensional X-ray structure of this cytochrome 
(Dg) has been determined at 1.8 A resolution, by the method 
of molecular replacement, using the homologous part of 
the refined structure of cytochrome C3 from Desulfovibrio 
vulgaris Miyazaki F (DvMF). Crystals of C3 Dg were obtained 
with space group P212121, a=41.8A, b=50.1 A, c=51.7A, 
Z=4. Data were collected at EMBL-Hamburg, station X11, 
using 0.928 A wave-length radiation. The data are 98.3% 
complete with an Rmerge(l) of 5.9%. The structure was 
refined with XPLOR and SHELXL-93 to an R1-factor of 
15.8%. The final R1 free was 21.8%. 

The structure shows many similarities to other known tetra-
haem C3 cytochromes, but some remarkable differences. In 
particular, the location of the aromatic residues around the 
haem groups, which playa fundamental role in the electron 
transfer processes in the molecule, are well conserved in the 
case of haem I, III and IV, but there are marked differences 
in the aromatic environment of haem II. A further peculiarity 
of this structure is the presence of a metal ion, Ca2+, within 
a loop region near the N-terminus. The donor atoms to 
the calcium ion are carbonyl and carboxylate groups, two 
of these from the propionate groups of haem IV, forming 
a regular octahedron around the metal ion, with distances 
(unrestrained in the final stages of refinement) ranging from 
2.27 to 2.50 A. Finally. the X-ray density has a very clear 
C-terminus at residue P111 , contrary to the 112 residues in 
the polypeptide chain determined from the sequence. 
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Biochemistry and molecular biology 

Scientist: C.E. Vorgias 

Fellows: F. Duffner*, A. Perrakis, I. Tews 

Visitors: K. Pavlou*, D. Sideris*, M. Sikorski*, D. Triantafillidou* 

Assistants: E. Christodoulou*, R. Vincentelli* 

Structure and function studies on the histone-like 
protein HU from thermophilic and extreme 
thermophilic bacteria 

HU is a DNA binding-protein with low DNA sequence speci-
ficity. The protein has been isolated from a variety of eubac-
teria and archaebacteria. 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 HU proteins show a significant ho-
mology. The three-dimensional structure of HU from Bacil-
lus stearothermophilus has been solved previously at 3 A 
resolution and in our laboratory at 1.9 A. 

The thermostability of HU proteins from different mesophilic 
and thermophilic Bacilli species was one of our major 
projects the last few years. The cloning of five hu genes from 
mesophilic and thermophilic Bacilli and their overexpression 
in E.coli allowed the preparation of enough material for 
biochemical, biophysical, structural and mutational studies. 
These studies have shown that only certain amino-acid 
residues are responsible for the thermal stability of HU. This 
year we have extended these studies to an extreme ther-
mophilic HU from the eubacterium Thermotoga maritima. 
The gene for HU was isolated, cloned, efficiently overex-
pressed in E.coli and the protein was purified in sufficient 
amounts. Preliminary denaturation studies have shown that 
the recombinant protein shows a melting temperature of 
84·C, slightly higher than the optimum growth temperature 
of the bacterium. An unusual property of HU from Thermo-
toga maritima is its high affinity to DNA. In vivo complexed 
DNA fragments were isolated bound to the purified protein 
and these fragments were cloned. Sequencing and analysis 
of these fragments is underway. 

NMR studies on HU protein (Cooperation with the 
NMR Centre (Utrecht): H. Vis, R. Boelens & R. Kaptein) 

The complete assignment of the 1 H, 13C and 15N nuclear 
magnetic resonance of the histone-like protein HU from 
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B.stearothermophilus 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 of NOE data 
derived from one 3-D NOESy-(13C,15 N)-HSQC spectrum, 
on secondary 1 Ha, 1 HN, 13Cb, 13Ca, 13CO, 15N chemical 
shifts and on amide proton exchange data. The arrangement 
of the three a-helices and the three extended ,a-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 ,a-arm 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 polysac-
charide throughout nature. This homopolymer of N-acetyl-
D-glucosamine is not only the major constituent of the fungal 
cell wall and the arthropod exoskeleton but also an impor-
tant nutrient source of carbon and nitrogen in the marine 
environment. 

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 (EC. 3. 2. 1. 14) and chitobiases (EC. 3. 2. 1. 30). 
Chitinases have been classified into families 18 and 19 of 
glycosyl hydrolases. They hydrolyse chitin to oligosaccha-
rides of which N, N'-diacetyl-glucosamine is the predomi-
nant product. N, N'-diacetyl-glucosamine is the substrate for 
chitobiase (trivial name for N-acetyl-glucosaminidase) which 
is classified into family 20 of glycosyl hydrolases. 

The genes encoding for chitinase A (ChiA) and chitobi-
ase 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, deriva-
tives or complexes with different substrates and inhibitors 
were collected up to 1.9 A resolution using the EMBL beam-
lines X11 and X31. 

The structure of chitinase A was solved by multiple iso-
morphous replacement and comprises three domains (Plate 
109). The N-terminal domain (residues 24 to 137), which 
is made up of j3-sheet, connects through a hinge re-
gion (residues 138 to 158) to the main alj3-barrel domain 
(residues 159 to 442 and 517 to 563). The third domain, 
which has an a+j3-fold, is formed by an insertion in the barrel 
motif (residues 443 to 516). The average B value for protein 
atoms is 24.1 A2. The N-terminal domain has a fold similar 
to that of the animal protein fibronectin type III module 
domains. Its function is as yet unknown but it might well facil-
itate the binding of the enzyme to the filamentous chitin sub-
strate. The active site was identified by solving the structure 
of the enzyme with an oligomer of its natural substrate. The 
substrate binding site is formed by a long groove, located at 
the C-terminal end of the j3-strands of the alj3-barrel. In all 
known enzymes with al j3-barrel structure the active site is 
located at that end of the barrel. The active site residues are 
proposed to be Glu315 and possibly Asp391. Evidence for 
this is as follows: (i) Site directed mutagenesis in the Bacillus 
circulans chitinase showed that the Glu204 to Gin mutation 
(Glu204 of Bacillus chitinase aligns with Glu315 of ChiA) 
decreased activity almost to zero. (ii) Glu315 and Asp391 
are completely conserved in bacterial chitinases. (iii) The 
carboxylate oxygens of both residues are close to the C1 
atom of the sugar ring. The quality of the complex does not 
allow us to make clear suggestions of the mode of substrate 
binding and for the structural features of the specificity 
for the chitin polysaccharide. Most probably the catalytic 
event occurs in a manner similar to that of lysozyme, i.e. 
general acid-base catalysis, with retention of configuration 
of the anomeric conformation of the C1 atom of the sugar 
ring. 

The 3-D structure of chitobiase was also solved by mul-
tiple isomorphous replacement. Chitobiase has an eight-

PLATE 109 

Ribbon diagram of ChiA in an orienta-
tion to show the three domains and the 
groove of the active site. The bound 
sugar is shown as a space-filling model 
and the two active site residues are 
drawn as a ball-and stick model. 

stranded alj3-barrel structure (domain III) surrounded by 
three additional domains (Plate 110). Domain I comprises 
residues 28 to 175. Two j3-pleated sheets wrap around a 
hydrophobic core. The motif starts with a three turn a-helix 
that points into solvent. Domain I is connected to domain II 
by a fifty amino-acid long linker (residues 175 to 225) which 
folds around the alj3-barrel (domain III). Domain II (residues 
225 to 334) shows two parallel helices and a seven stranded 
j3-sheet (partly parallel and partly anti parallel) faces the 
solvent. The j3-strands tilts about 30"to the helices. Domain 
III folds into an alj3-barrel motif. It comprises 465 amino-
acids (residues 340 to 815). Eight j3-strands inside and 
seven helices on the outside were found. The eighth helix 
is replaced by three helical segments and alj3-strand. The 
C-terminal 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 alj3-barrel. Most 
prominent insertions to the barrel motif are a loop towards 
domain I and two helices pointing into the solvent. A long 
helix expands around the barrel and completes domain III. 
This helix has a kink after 4 turns where a glycine is found. 
Domain IV folds into two small j3-sheets. 

The application of crystallographic techniques to determine 
these structures is one more step towards the complete 
understanding of the glycosyl hydrolases specificity and se-
lectivity for slightly different natural carbohydrate polymers. 
The present results give a basis for the detailed exploration 
of the catalytic mechanism. 

Cloning, overexpression, purification and 
characterization of a thermophilic chitinase 
from Streptomyces thioviolaceus 

The chitinase gene chi40 was isolated from the thermophilic 
bacterium Streptomyces thioviolacens cloned in pET-19b 
(fused with 6 His for affinity purification) and efficiently 
overexpressed in E.cali. The recombinant chitinase has a 
molecular weight of 40 kDa, is highly active and shows sig-
nificant thermostability. The melting temperature measured 
by CD spectroscopy was 74-75"C. Crystallization trials for 
structure determination are in progress. 
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PLATE 110 

Ribbon diagram of chitobiase in an 
orientation to show the four domains 
and the active site. The bound sugar 
is shown as a ball-and-stick model 
and the position of the two active 
site residues is indicated by number 
(Le. Glu739 and Glu 540). 

Cloning and primary structure of a 
chitinase from Aeromonas eaviae 

domain I 

A DNA fragment from the soil bacteria Aeromonas caviae 
containing the gene encoding an extracellular chitinase (Chi) 
has been cloned and sequenced. Computer analysis de-
duced 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 Ecoli yielded 
enzymatically active protein with an estimated molecular 
weight of 94 kDa. The deduced aa sequence is 23 aa longer 
at the amino-terminus than that determined experimentally 
by sequencing 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 chiti-
nase A of S.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-terminal region of the A.caviae chitinase and the 
Bacillus sp. strain N-4 cellulases are functionally related 
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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 I. Chet, Hebrew 
University, Israel). 

Expression of plant leg hemoglobin cDNA's of 
Lupinus luteus in E.eol; and purification of 
recombinant proteins (M.M. Sikorski, Poland) 

leghemoglobulin is a heme-containing protein present in all 
nitrogen-fixing legume plants. The nucleotide sequences of 
full-length cDNA clones (fbI and Ibll) have already been 
determined. We have attempted to overexpress the Ibl and 
Ibll genes in Ecoli in order to produce sufficient protein 
for structural studies. The yellow lupin leghemoglobin genes 
(Ibl and Ibll) were cloned in the pET-3a vector and overex-
pressed in Ecoli Bl21 (DE3)plysS cells under the control 
of T7 RNA polymerase promoter. The recombinant lbl and 
lbll proteins, containing Ecoli derived heme, were purified 
to homogeneity using ion exchange and gel filtration chro-
matography. The recombinant lbl and lbll proteins have 
spectral and immunochemical properties identical to leg he-
moglobins isolated from lupin root nodules. The identity 
between overproduced and native leghemoglobins is also 



supported by microsequencing analysis of the N-terminus 
of the purified recombinant protein and by spectroscopic 
analysis. This is the first report on overexpression of globin 
cDNA's from higher plants in bacteria. 

Publications during the year 

Perrakis, A., Tews, I., Dauter, Z., Oppenheim, A., Chet, 
I., Wilson, K.S. & Vorgias, C.E. (1994). Crystal stucture 
of a bacterial chitinase at 2.3 A resolution. Structure, 2, 
1169-1180 

Perrakis, A., Tews, I., Dauter, Z., Wilson, K.S. & Vorgias, 
C.E. (1994). X-ray structure analysis of Chitinase A from 
Serratia marcescens. In Chitin World: Eds. Karnicki, Z.S., 
Wojtasz-Pajak, A., Brzeski, M.M. & Bykowski, P.J.; pp. 
408-415 

Tews, I., Vincentelii, R., Perrakis, A., Deuter, Z., Wilson, 
K.S. & Vorgias, C.E. (1994). X-ray structure analysis of 
Chitobiase from Serratia marcescens. In Chitin World: Eds. 
Karnicki, Z.S., Wojtasz-Pajak, A., Brzeski, M.M. & Bykowski, 
P.J.; pp. 415-423 

Rypniewski, W.R., Perrakis, A., Vorgias, C.E. & Wilson, 
K.S. (1994). Evolutionary divergence and conversation of 
trypsins Prot. engineering, 7, 57-64 

Vis, H., Boelens, R., Mariani, M., Stroop, R., Vorgias, C.E., 
Wilson, K.E. & Kaptein, R. (1994). 1 H, 13C and 15N reso-
nance assignments and secondary structure analysis if the 
HU protein from Bacillus stearothermophilus using two- and 
tree-dimensional double- and triple-resonance heteronu-
clear magnetic resonance spectroscopy. Biochemistry, 33, 
14858-14870 
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X-ray absorption spectroscopy 

Scientist: H.-F. Nolting 

Fellows: P. D'Angelo*, VA Sole 

Visitors: F. Ahlers*, S. Benini, E. Bottari*, F. Briganti*, A.-K. Duhme*, M.C. Feiters*, M.R. Festa*, E. Grell*, H. KOhn*, R.J.M. Klein Gebbink*, 
S. Kuprin*, R. Macinai*, S. Mangani*, W. Meyer*, F. Parak*, N.V. Pavel*, J. Rathmann*, E. Rokita*, C. Scherk*, G. Veldink*, R. Wiesner*, 
H. Winkler*, F. Zippel* 

After Paul Loeffen left EMBL at the end of 1993, Vicente 
Armando Sole and Paola D'Angelo joined the EXAFS group 
during 1994. All of this year's projects were performed 
using the existing set-up at the EMBL EXAFS beam-line 
on fan D2 in HASYLAB 3. The 13-element detector which is 
generally used for fluorescence detection was available only 
after a considerable delay due to maintenance and repair 
work. 

In the following sections a number of selected in-house and 
collaborative projects will be described. A complete list of 
the projects in 1994 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. 

Self-attenuation correction of fluorescence 
EXAFS data (H.-F. Nolting & VA Sole) 

It is a common assumption when taking EXAFS data in 
fluorescence mode that the ratio of the count rate of the 
fluorescent photons to the flux of exciting photons is pro-
portional to the mass attenuation coefficient of the absorber 
in the sample. For most of the cases involving biologi-
cal samples this assumption is appropriate and one can 
neglect corrections. However, in the range of concentra-
tions of the element of interest between 10 and 50 mM 
it is easy to find situations where absorption data can-
not be used because of small signal, and the correction 
to be applied to the fluorescence data becomes impor-
tant. A very simple and straightforward method to correct 
fluorescence data has been developed. It is based on 
the experimental determination of the correction from data 
collected during the measurement. The advantage of our 
approach is that one does not need to know the sam-
ple constitution and that everything relies on measurable 
data. 
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Plate 111 shows the normalized edge spectra of Cu derived 
from fluorescence and from absorption data. The amplitude 
reduction of the fluorescence data in the XANES and EX-
AFS regions of the spectrum is obvious. This is really an 
extreme case, however, and once the correction is applied 
to the fluorescence data, the agreement between both data 
sets is excellent. It must be noted that, even though there 
are discreponcies between the absorption data and the non-
corrected fluorescence data, the distances obtained with 
both data sets are the same. On the other hand, the correct 
first shell coordination number could not be obtained with the 
non-corrected fluorescence data. A value of 4 was obtained 
instead of the known value of 12 which was derived from the 
absorption data and from the corrected fluorescence data. 

ENERGY(eV) 

PLATE 111 

Normalized edge spectra of Cu collected in absorption (full line), 
fluorescence (broken line) and fluorescence after applying the cor-
rection (+ symbols). 



PLATE 112 

Absorption spectra at the Cu K-edge. CU(CI04)2 5 mM in water 
(- . -), pH=? sample (-), pH=3 sample (- - -), pH=10 sample ( .. '). 
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X-ray absorption study of copper (II) 

9010 

- glycine binding (E. Bottari, M.R. Festa & 
N.V. Pavel (Rome), P. D'Angelo & H.-F. Nolting) 

9020 

Mixed amino-acid peptide Cu(lI) complexes have received 
considerable attention due to their occurrence and involve-
ment in the transport of Cu(lI) ions in biological systems. 
Depending on the pH of the solution different complexes with 
well defined ratios are present in aqueous solutions contain-
ing Cu(ll) and aminoacetate (L). In order to obtain structural 
information on these complexes, X-ray absorption measure-
ments of four samples ([Cu2+]=5 mM) at different pH-values 
(namely 3, 4, 7 and 10) containing different CUUCUL2/CUL3 
percentages (54/33/0, 40/60/0, 0/99/0 and 0/7/93, respec-
tively) have been recorded. It is well known that Jahn-Teller 
distorted octahedral complexes [Cu(H20)6f+ are present 
in dilute Cu(lI) aqueous solutions. For this reason a 5 mM 
Cu(CI04)2 solution in water was used as reference. The 
analysis of the XANES spectra of the samples, Plate 112, al-
lowed us to identify distortions from octahedral coordination 
in the Cu(II)-aminoacetate solutions. In the pH 7.0 solution 
only the CUL2 complex is present and the coordination 
geometry of the Cu(lI) can be accurately determined by 
studying the EXAFS spectrum. The data analysis has been 
carried out by including both the single and the multiple 
scattering (MS) contributions. The first shell consists of 2 
N atoms at 1.94 A and 2 0 atoms at 1.98 A while 4 C 
atoms at 2.79 A and 2 apical 0 atoms at 2.47 A are present 
in the second shell. The experimental spectrum contains 
in addition a high frequency contribution which is due to 
large MS effects arising from the rigid ring conformation. 
In particular the N-Cu-O quasi-collinear configuration of 
the equatorial square and the Cu-C=O three-body con-
figuration of the amino-acid ring give rise to strong MS 
signals. 

From the shift of the edge shoulder of the absorption spectra 
of the pH 4.0 and 3.0 samples, a distorted octahedral 
geometry of the CuL complex can be deduced. On the other 
hand the XANES spectrum of the pH 10.0 sample indicates 
a square planar configuration for the CUL3 complex. From 
the analysis of the EXAFS spectra of these samples, and 
in particular from the MS contribution, the geometry of this 
complex can be determined. 

Human tyrosine hydroxylase - the catalytic centre 
and the binding of inhibitors studied by XAFS 
(W. Meyer, H. Winkler & A.x. Trautwein (Lubeck), 
J. Haavik (Bergen), VA Sole & H.-F. Nolting) 

Tyrosine hydroxylase (TH) catalyses the rate limiting step 
(hydroxylation of tyrosine to form dihydroxyphenylalanine) 
in the biosynthetic pathway leading to the catecholamines 
dopamine, noradrenaline and adrenaline. The human en-
zyme (hTH) is present in four isoforms, generated by splic-
ing of pre-mRNA. The purified apoenzyme (metal free) binds 
stoichiometric amounts of iron. The incorporation of Fe(lI) 
results in a rapid and up to 40-fold increase of activity. 

Besides the coordination of the metal centres in the native 
enzyme we studied the purported inhibition of TH by its 
immediate products. The native enzyme (Fe(II)-hTH iso-
form 1) (sample 1) was oxidized with the catecholamine 
dopamine (sample 3). For comparison H202 was also used 
for oxidation (sample 4). This Fe(lIl) enzyme becomes red 
after binding phenols (tyramine) (sample 5). The access of 
the substrate tetrahydrobiopterin to the native Fe(lI) enzyme 
results only in small changes in the fine structure (sample 2). 

Although a colour change of samples 2 and 4 was observed 
after the reaction it is not yet clear from the preliminary 
analysis of the XANES and the fine structure whether the 
substrate and/or the inhibitor is bound to the enzyme. A 
multiple scattering analysis of the data to analyse the coor-
dination of the iron atoms is in progress. 

EXAFS investigations on the active site of the 
iron superoxide dismutase of Propionibacterium 
shermanii and of Escherichia coli (C. Scherk, 
M. Schmidt & F. Parak (Garching) & H.-F. Nolting) 

The enzyme superoxide dismutase (SOD) catalyses the 
reaction 202 - +2W --> 02+H202. The SOD of Ecoli and 
of the anaerobe Propionibacterium shermanii contain iron in 
their active site. In P.shermanii the enzyme keeps its activity 
if the iron is exchanged by manganese. During the last year 
EXAFS spectra of the FeSOD of P.shermanii were recorded 
at different pH. The aim of this work is the determination of 
the active site structure. 

We chose the FeSOD of Ecoli (the structure has been de-
termined to 1.85 A resolution) as a reference compound for 
the SOD from P.shermanii. The EXAFS spectra calculated 
from the X-ray coordinates are in good agreement with the 
experimental EXAFS data. The Ecoli structural coordinates 
were changed to fit the P.shermanii spectrum by minimizing 
the least-squares deviations to the reference structure. To 
reduce the number of parameters the three imidazole rings 
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and the aspartate are taken as rigid units ("constrained re-
finement"). Additional multiple scattering contributions were 
included to account for strong forward scattering particularly 
inside the imidazole rings. We find the nearest oxygen of 
the aspartate at 1.88 A and the imidazole rings at 2.13 A, 
2.08 A and 2.07 A. Compared to the Ecoli SOD structure 
the coordinating groups do not change their distances to the 
iron significantly. A complete analysis of the pH dependence 
with respect to structural and functional changes is still in 
progress. 

X-ray spectroscopic studiEUI on the iron in rabbit 
reticulocyte lipoxygenase (R. Wiesner & H. KOhn 
(Berlin), L.M. van der Heijdt & G.A. Veldink (Utrecht), 
M.C. Feiters (Nijmegen), VA Sole & H.-F. Nolting) 

It was shown from previous work (L.M. van der Heijdt, PhD 
Thesis, 1994) that the EXAFS of rabbit reticulocyte lipoxy-
genase is very similar to that of soybean lipoxygenase-1. 
This was the first experimental confirmation that the latter, 
for which two crystal structures are now available, is a good 
model for the physiologically more interesting mammalian 
lipoxygenases. In the present work, Iyophilisation of the 
native rabbit reticulocyte lipoxygenase did not improve the 
data quality. Good data were obtained for a number of 
complexes with inhibitors, viz. 2-nitrocatechol, epselen, and 
dihydroxybenzoyl azide (DHBA). In all cases, the inhibitors 
caused significant changes in the iron environment, resulting 
in the presence of more low-Z (N,O) backscatterers at a 
shorter distance. Remarkably, the addition of 2-nitrocatechol 
and DHBA resulted in very similar EXAFS. The possibility 
that this is due to coordination by the chelating dihydroxy-
benzene moiety common to both inhibitors is currently under 
investigation. 

X-ray absorption studies on bacterial urease from 
Bacillus pasteurii (S. Mangani (Siena), S. Ciurli 
& S. Benini (Bologna), VA Sole & H.-F. Nolting) 

Urease from Bacillus pasteurii is a microbial enzyme of 
molecular weight 230,000 consisting of four identical sub-
units each containing a nickel(lI) ion. The enzyme, as all 
ureases, catalyzes the hydrolysis of urea to ammonia and 
carbamate, which in turn readily decomposes to yield am-
monia and carbon dioxide. The nickel ion is essential for 
catalysis. The understanding of the catalytic mechanism 
of the enzyme is of great relevance since the enzyme is 
involved in plant physiology, in human and animal pathology 
and in plant nitrogen metabolism. Microbial ureases differ 
from those of plants such as the jack bean by the presence 
of only one nickel atom in the active site instead of two. 
In jack bean urease both nickel atoms in each of the six 
subunits are assumed to participate in the catalytic reaction. 
A different catalytic mechanism may operate in the microbial 
enzyme. Previous EXAFS and XANES studies on jack bean 
urease suggest a distorted octahedral coordination with N3, 
03 type ligands for the Ni(lI) ions. 

We collected XAS data on lyophilized samples of native and 
inhibited bacterial urease to obtain structural information on 
the nickel centre, at present completely unknown. The data 
had good signal/noise ratio and were of better quality than 
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the published data on jack bean urease. Preliminary anal-
ysis indicates a first coordination shell very similar to that 
of jack bean urease since the best simulation was obtained 
with three nitrogens and three oxygens at 2.07 A and 1.98 A, 
respectively. The sixfold coordination is confirmed by the 
presence of a very low pre-edge peak (1 s-3d electronic 
transition). No evidence for the presence of sulfur in the first 
coordination shell was found. The EXAFS present strong 
beat regions typical of histidine ligation which is shown by 
the presence of peaks at about 3.2 A and 4.0 A in its Fourier 
transform. Analysis of the data on the inhibited sample, 
which may shed light on changes occurring in the active 
site during catalysis, is underway. 

XAS studies on the terminal component of 
naphthalene dioxygenase from Pseudomonas 
putida NelB 9816 (S. Mangani (Siena), F. Briganti, 
R. Macinai & A. Scozzafava (Florence) & H.-F. Nolting) 

Naphthalene dioxygenase is the enzyme responsible for 
the initial degradation of naphthalene and possibly other 
polycyclic aromatic compounds. It incorporates both atoms 
of molecular oxygen into the aromatic nucleus to produce 
cis-dihydroxy-1,2-dihydronaphthalene. Biochemical studies 
have shown that naphthalene dioxygenase is a multicom-
ponent enzyme system consisting of an iron-sulfur flavopro-
tein, a ferredoxin and an iron-sulfur protein which serves 
as the terminal oxygenase component. The terminal oxy-
genase has an adh type quaternary structure. The a 
subunit contains a Rieske-type [2Fe-2S] cluster and an 
accessory metal site occupied in the working enzyme by 
a Fe(lI) ion. This accessory site is the active site and Fe(lI) 
is essential for the catalytic activity. The system seems 
to work utilizing short electron-transport chains, the iron-
sulfur flavoprotein is a NADH dependent reductase which 
transfers electrons to the ferredoxin which specifically in-
teracts with the terminal oxygenase where the substrates 
bind. The actual mechanism of naphthalene dioxygenation 
is not understood. Therefore we have started an X-ray 
absorption investigation aimed at revealing the local struc-
ture of the ferrous active site and of its possible short-
range interactions with the Rieske cluster. We are also 
interested in ascertaining the occurrence of eventual con-
formational changes of the Rieskecluster upon substrate 
binding, redox changes of the active metal and metal sub-
stitution. 

In 1994 we collected XAS data on the native and active 
metal depleted enzyme. We also performed experiments in 
the presence of naphthalene both for the native and active 
site cobalt(lI) substituted enzymes. High quality data were 
obtained. 

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 (S. Kuprin, A. Graslund & 
A. Ehrenberg (Stockholm), VA Sole & H.-F. Nolting) 

Ribonucleoside diphosphate reductase plays the key role in 
the synthesis of DNA. The smaller protein subunit R2 carries 
f.L-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-122 residue, 
,,-,5 A away from the Fe1 site. The presence of the radical 
is essential for the enzymatic activity, but the molecular 
mechanism of the enzyme function is not known. A hydro-
gen bonded network is discussed as a possible path for 
the involvement of the radical in the reaction. The inactive, 
radical reduced form, metR2, is obtained by treatment of 
active protein R2 with hydroxyurea. Previous EXAFS studies 
have not revealed differences in ligation geometry of iron 
sites between active R2 and metR2. However differences 
between EPR spectra of the Fe(III}-Fe(lI} states of proteins 
R2 and metR2 were observed in low temperature reduc-
tion studies (Davydov et al., manuscript in preparation). 
Hence a reinvestigation of EXAFS spectra of the active R2 
and metR2 was initiated. Precautions were made to avoid 
photo reduction of ferric ions under the synchrotron radiation 
beam. 

The k3 -weighted EXAFS data confirm a high degree of 
similarity between active R2 and metR2. However there is 
a noticeable difference in first-shell amplitudes being larger 
for metR2. The work on data evaluation and interpretation 
is in progress. 

Publications during the year 

Bertini, I., Briganti, F., Mangani, S., Nolting, H.-F. & Scoz-
zafava, A. (1994). X-ray absorption studies on catechol 2,3-
dioxygenase from Pseudomonas putida mt2. Biochemistry, 
33, 10777-10784 

Bertini, I., Briganti, F., Mangani, S., Nolting, H.-F. & Scoz-
zafava, A. (1994). Substrate, substrate analogue, and in-
hibitor interactions with the ferrous active site of catechol 
2,3-dioxygenase monitored through XAS studies. FEBS 
Lett., 350, 207-212 

Gabriel, A., Dauvergne, F., Nolting, H.-F. & Koch, M.H.J. 
(1994). Energy resolution using delay line detectors. Nucl. 
Instr. & Meth., A349, 461-465 

Rokita, E., Lazewski, J., Hermes, C. & Nolting, H.-F. (1994). 
Heating-induced conversion of Sr-contaminated brushite -
EXAFS data analysis. Acta Phys. Pol., AS6, 767-770 

Other reference 

Van der Heijdt, L.M. (1994). PhD Thesis, University of 
Utrecht. 
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Muscle 

Scientist: G. Rapp 

Fellow: M. Rappolt 

Visitors: A. Angelova *, A. Arner*, C. Ashley*, A. Bagni*, P. Balgavy*, K. Beyer*, B. Brenner*, 
G. Brezesinski*, G. Cecchi*, M. Clerc*, C. Czeslik*, J. Erbes*, L. Finegold*, S. Funari*, 
P. Griffiths*, J. Harford*, B. Hoskins*, J. Hannes*, B. Kli:isgen*, M. Ki:iberl*, Th. Kraft*, 
M. Kriechbaum*, R. Lagerstedt*, P. Laggner*, F. Langmayr*, A.-M Levelut*, P. Luther*, 
B. Madler*, R. Malessa*, A. Ostermann*, O. Paris*, R. Pelc*, B. Piep*, K. Pressl*, 
K. Ranatunga*, I. Schlichting*, E. Schi:inbrunn*, J. Squire*, M. Steinhart*, B. Tenchov*, 
J. Wray*, S. Xu* 

Assistant: B.H. Kunst 

The increasing demand for beam-time is well documented 
in the list of visitors and almost all resources were used 
for collaborative projects. Under the new operating condi-
tions of DORIS the beam position remained much more 
stable as experienced in previous years. The available 
photon flux at beam-line X13 (which obtains radiation from 
a bending magnet) exceeded the local or total count rate 
capabilities of the detectors available in a number of ex-
periments. Thus, the need for new gas detectors capa-
ble of handling high count rates is even more demand-
ing. We "solved" the problem of detector saturation with 
the installation of a variable beam attenuator with remote 
control. It was designed in collaboration with the Instru-
mentation Group at the Outstation. Further instrumenta-
tion on the beam-line was concerned with tests of dif-
ferent monochromators, semi-transparent beam stops and 
beam stops incorporating position sensitive photo diodes 
for simultaneous recording of primary beam intensity and 
position. 

The IBM operating system OS2 was installed on the PC 
controlling the data acquisition system. It proved to be 
advantageous for data analysis at the beam-line while data 
collection continued. An off-line image plate system has 
been used in a number of experiments on e.g. muscle 
contraction and for checking sample homogeneity in powder 
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diffraction. We gratefully acknowledge Prof. Yonath and her 
group for making the system available to us. To analyse 
the two-dimensional data on a PC a new software package 
SACO is now available. It allows basic operations, such as 
image rotation, arithmetric operations and cutting sectors or 
slices, on 2D data. In the following in-house, collaborative 
and visitors' projects are summarized in brief. A more de-
tailed description of some of the projects can be found in 
the Annual Report of HASYLAB. 

In-house and collaborative projects 

X-ray diffraction studies on single muscle 
fibres with 750j.Ls time-resolution (P.J. Griffiths & 
C.C. Ashley (Oxford), MA Bagni & G. Cecchi 
(Florence) and G. Rapp) 

Previous investigations provided the first experimental ev-
idence of the presence of a radial force associated with 
activation of intact single frog skeletal muscle fibres. These 
measurements were obtained with a time resolution of 
5-10 ms. This year, we have examined the time domain 
over which lattice spacing changes can occur by sam-
pling at a much higher time resolution, and by chang-
ing force levels from isometric tetanic tension to close to 



zero force within 500 J.Ls. Since our previous studies indi-
cated a close correspondence between changes in axial 
and radial force, such rapid changes in axial force levels 
should produce correspondingly rapid changes in radial 
force. We have achieved a measurement time resolution 
of 750 J.Ls, which is close to the limit of the performance 
of the present data acquisition equipment. We find that 
lattice spacing changes occur on a submillisecond time 
scale. This observation is of great interest because the 
characteristic transient force response to a length step 
also occurs in this time domain, and has been inter-
preted by others solely il1. terms of fundamental changes 
in protein structure associated with the force generation 
event. 

Temperature-jump studies on tarantula muscles 
(J.S. Wray (Heidelberg), B.-H. Kunst & G. Rapp) 

Phosphorylation of myosin, best known in tarantula muscles, 
is generally thought to induce an outward movement of 
crossbridges, significant for the modulation of force pro-
duction in contraction. Rapid temperature jumps on phos-
phorylated myosin filaments in spider muscles were per-
formed. They led to an astoundingly clear result: the tran-
sient produced by rapid warming in phosphorylated spider 
muscles is practically indistinguishable from that in rabbit 
muscle! The generally accepted (purely structural) model for 
phosphorylation-induced outward movement of bridges is 
thus shown to be incorrect: the movement appears instead 
to be a rapid and dynamic effect, whose mechanism can 
be understood in terms of the kinetics of crossbridge transi-
tions (presumably the hydrolysis step, M.ATP -7 M.ADP.Pi) 
known for other muscle types. 

X-ray diffraction studies on thermally induced 
tension generation in relaxed psoas fibres 
(KW. Ranatunga (Bristol), B.H. Kunst & G. Rapp) 

It was found recently that relaxed rabbit psoas muscle 
fibres generate tension if heated a few degrees above their 
physiological working temperature. To understand the struc-
tural basis of this process one- and two-dimensional X-ray 
diffraction patterns, respectively, were recorded at different 
temperatures and tension levels. Below ca. 40° C almost 
no tension is generated, at higher temperatures tension 
increases steeply. Upon heating from 5°C to about 39°C 
the ratio of the equatorial reflections 1(11 )/1(1 0) decreases. 
Above 39° C it rises together with tension generation. At low 
tension at 39° C the meridional reflections from (42.9 nmr1 
to (14.3 nmr1 are much stronger as compared with the pat-
tern at 42° C when tension is high. A detailed data analysis 
is in progress. 

Small-angle X-ray scattering study on heat shock 
proteins (J. Reinstein (Dortmund) & G. Rapp) 

The molecular chaperones hsc70 belong to a class of 
ubiquitous heat-shock proteins of approximately 70 kDa. 
Chaperones specifically recognize and bind denatured pro-

teins and release them upon hydrolysis of ATP. We in-
vestigated the dependence of the aggregational state and 
structural shape of the molecular chaperone DnaK on 
temperature and interaction with peptide or nucleotide. 
A preliminary data analysis shows significant differences 
of the molecular shape under different experimental 
conditions. 

Test of a compact high pressure X-ray diffraction 
cell (M. Kriechbaum, K. Pressl & P. Laggner (Graz), 
M. Steinhart (Prague) and G.Rapp) 

A compact X-ray sample cell to measure diffraction patterns 
at hydrostatic pressures up to 3000 bar has been devel-
oped in Graz. First successful X-ray diffraction measure-
ments with this high-pressure sample cell have been carried 
out on polymers (Nylon) and on aqueous dispersions of 
phospholipids like DPPC or POPE within a pressure range 
from ambient pressure to 3000 bar. Since both SAXS and 
WAXS data were recorded simultaneously a quick identi-
fication of different lamellar and non-lamellar phases and 
their lattice parameters was possible. Exposure times of 1 s 
give already an excellent signal-to-noise ratio for these lipid 
samples. 

Rates of phase transformations between 
mesophases formed by a non-ionic surfactant 
in water (M. Clerc & A-M. Levelut (Paris), 
P. Laggner (Graz) and G. Rapp) 

The time-course of the hexagonal/cubic and cubic/lamellar 
phase transitions of the C12Es/water binary system has 
been investigated by time-resolved X-ray diffraction. Tem-
perature jumps were achieved using an infrared laser. De-
pending on the final temperature after the T-jump time 
constants for the transitions between the phases vary from 
about one second to less than 100 ms. The results can be 
modelled in the framework of a nucleation/growth mecha-
nism. 

Equilibrium and kinetic studies on temperature 
induced phase transitions on pure glyco/ipids 
(H.-J. Hinz & M. Koberl (MOnster) and M. Rappolt 
& G. Rapp) 

Synthetic glycolipids like 16-1.2-Glc, 18-1.2-Glc (1.2-0-
dialkyl-3-0-D-glucosyl-3-sn-glycerols) are excellent model 
systems for the characterization of the large variety of 
natural glycolipids. Their thermotropic polymorphism was 
investigated both under near equilibrium conditions, i.e. 
at slow scan rates, and under non-eqUilibrium T-jump 
conditions. As detected by simultaneous measurement of 
SAXS and WAXS some of the lipids transform directly 
from a lamellar Lf3 into a hexagonal HII phase. Under 
T -jump conditions short-lived intermediate structures not 
seen during slow temperature scans could be detected. 
The present studies clearly reveal the significance of the 
sugar moieties as head groups in stabilizing particular 
structures. 
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PLATE 113 

Top: Section from a 2D powder diffraction pattern 
of POPC/C12E2/2H20 at 46°C recorded on a 
Fuji image plate system. The reflections can be 
indexed on a Pn3m cubic lattice. 

Bottom: Contour plot of X-ray diffraction patterns 
obtained during a heating sequence. 

Cubic phases in surfactant/phospholipid 
systems (S.S. Funari & B. Madler (Leipzig) 
& G. Rapp) 

U 
0 --0 

0 

0 

In the phase diagram of POPC/C12E2PH20, at low amounts 
of POPC, a cubic phase occurs above 32° C and trans-
forms reversibly into lamellar upon cooling. At a higher 
temperature a second cubic phase was found. By record-
ing two-dimensional diffraction patterns it was possible to 
identify and characterize the different phases. The la3d 
structure was confirmed for the lower temperature one. The 
phase occurring at higher temperature belongs to the Pn3m 
group and has a lattice paramenter of 93 A. As can be 
seen in Plate 113 the epitaxial relationship extends from 
the lamellar La to the Pn3m cubic phase, through the 
la3d. It is also seen that the interplanar distance is not 
strictly maintained during the transition. The cubic la3d to 
cubic Pn3m transition is an adiabatic process in a lowering 
symmetry transition and characterizes a Bonnet transforma-
tion. 
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X-ray diffraction studies on DLPC (L. Finegold 
(Philadelphia), M. Rappolt & G. Rapp) 

Ia3d 

d 

The existance of the new liquid crystalline phase Lx in 
dilauroylphosphatidylcholine (DLPC) has been confirmed. 
All X-ray diffraction profiles and spacings are consistant with 
the following phase scheme with increasing temperature: 
rippled phase P (3' -+ less ordered liquid crystalline phase 
Lx -+ most disordered liquid crystalline phase La. Moreover, 
a fine structure could be detected during the transition. In 
the first high cooperative step the onset of lateral diffusion of 
lipids might be due to increased headgroup mobility rather 
than chain melting processes, since the lamellar repeat 
increases at this transition. In the Lx phase the bilayer 
thickness decreases from 6.27 to 6.18 nm. The second 
broader transition shows a fine structure of two steps and, 
assuming a constant water layer thickness at this transition, 
the monolayer decreases by 0.125 nm. This may result from 
two gauche transformations per lipid chain, since a 2g1 con-
formation would lead to a theoretical shortening of 0.125 nm. 



PLATE 114 

Small- and wide-angle diffractions patterns taken simultaneously of 
an aqueous despersion of MO at different pressures. 

9000 bar 
,...... . = . 

5000 bar = ..... 

0.01 .0.02 0.03 

A new lamellar gel phase induced by disaccharides 
in saturated phosphatidylethanolamines (B. Tenchov 
(Sofia) and M. Rappolt & G. Rapp) 

Using simultaneous small- (SAXS) and wide-angle (WAXS) 
X-ray diffraction a new lamellar gel phase (L,8*) was found 
at low temperatures in DHPE and DPPE dispersions in 
concentrated sucrose and trehalose solutions. It forms via a 
cooperative, two-state phase transition upon cooling of the 
common lamellar gel phase. The transformation between 
L,B and L,B* is readily reversible. It takes place at about 
10 0 C below the melting transition in 2.4 M sucrose solution. 
The transition temperature between L.8* and L,a phases 
drops by more than 30 degrees with decrease of sucrose 
concentration from 2.4 M to 1 M. The low-temperature 
lamellar gel phase is very well correlated. It is characterized 
by a repeat spacing by 0.8-1 nm larger than that of the 
common gel phase and a single symmetric wide-angle peak 
at 0.42 nm. 

On the swelling of phospholipid membranes 
in excess water (B. Klosgen (Berlin) and 
M. Rappolt & G. Rapp) 

The process of water uptake in systems of phospholipids 
has been monitored by time-resolved X-ray diffraction from 
the almost unhydrated state to the complete decomposition 
of multi lamellar order. The small- and wide-angle diffraction 
patterns were recorded simultaneously. From the moment 
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I 

0.04 0.2 0.3 
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of first water contact multi lamellar stacks are seen to de-
velop for all lipids under investigation. The respective Bragg 
peaks increase in intensity during ordering and move to-
wards smaller scattering angles indicating that the repeat 
distance increases on swelling. The width of the initially 
sharp Bragg peaks increases at a longer time scale in-
dicating that the stacks are decomposed by a peeling-off 
process. 

High pressure studies on lipid-water dispersions 
(C. Czeslik, R. Winter (Dortmund) & G. Rapp) 

Using the diamond anvil technique the pressure dependent 
structure and phase behaviour of lipid-water dispersions 
was studied up to extreme pressures of 20 kbar. Even 
with the small sample volume of 0.03 ILl both SAXS and 
WAXS patterns could be recorded simultaneously. As an 
example the diffraction patterns of an aqueous dispersion 
of the monoacylglyceride 1-monoolein at room temperature 
are shown for several pressures in Plate 114. At ambient 
pressure the SAXS diffraction exhibits Bragg reflections 
which can be indexed on a cubic lattice of space group 
Pn3m. In the wide-angle region, only a broad peak of 
low intensity is seen, which is characteristic for a dis-
ordered fluid-like packing of the lipid molecules. At high 
pressures, cubic phase transforms into a crystalline lamellar 
Lc-phase. A single peak is observed in the small-angle re-
gion and multiple Bragg reflections appear in the wide-angle 
region. 
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The temperature and pressure dependent phase 
behaviour of lipid systems exhibiting non-lamellar 
structures (R. Winter, C. Czeslik, J. Erbes (Dortmund), 
M. Rappolt & G. Rapp) 

The temperature-pressure phase diagrams of the monoa-
cylglycerides 1-monoelaidin (ME) and 1-monoolein (MO) in 
excess water in the temperature range from 0-1000 C at 
pressures from ambient up to 1500 bar were established. In 
MO-water dispersions below 950 C the Bragg reflections of 
a cubic structure of space group Pn3m are seen. At about 
95°C it transforms into a HII J;1hase.The lattice parameter of 
the cubic phase is found to be strongly pressure dependent. 
In addition to these equilibrium measurements, pressure 
jump experiments were also carried out on these systems. 
The analysis of the data is still in progress. 

Studies on the polymorphism of phospholipids with 
branched aliphatic chains (G. Brezesinski (Mainz) 
and G. Rapp) 

The effect of modifications on the aliphatic chains 
of C14 to C18 phosphaditylcholines (PC) or phos-
phatidylethanolamines (PE) on the thermotropic phase be-
haviour was investigated. During slow heating and cooling 
scans from 50 C to 950 C small-and wide-angle diffraction 
patterns were recorded simultaneously to establish the re-
spective phase sequences and boundaries. The data are 
not yet analysed in detail. 

Thermotropic phase behaviour of mixtures of 
non-ionic surfactants with phosphatidylcholines 
(K. Beyer (Munich) and G. Rapp) 

NMR and other physical methods indicated that mixtures 
of DPPC with the non-ionic surfactant C12E8 (2:1 mol:mol) 
occur as micelles below the phase transitions temperature at 
380 C and as lamellar structures above. Below 380 C simul-
taneous small- and wide-angle diffraction experiments re-

PLATE 115 

Difference spectra of single crystal tryp-
tophan synthase during flow of serine. 
At t=O serine reaches the crystal. 
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vealed a strong reflection in the WAXS indicative of ordered 
aliphatic chains. Above 400 C the WAXS reflection broadens 
whereas in the small-angle regime reflections appear which 
most likely arise from a mixture of a cubic and a lamellar 
structure. 

Optical absorption spectroscopy on protein crystals 
(I. Schlichting (Dortmund) & G. Rapp) 

Tryptophan synthase (trps) consists of two a-,B-hetero-
dimers and catalyzes the last two steps in the biosynthesis 
of tryptophan. The a-subunit catalyzes the cleavage of 
indole-3-glycerol-phosphate to indol and glyceraldehyde 3-
phosphate. Serine modulates the formation of indole. Using 
a flow cell, optical absorption spectra before and during flow 
of 200 11M serine across the crystal were taken to follow the 
formation of the trps.aminoacrylate complex in crystalline 
trps. Spectra of 5 ms averaged 400 times were collected 
using white light illumination of the crystal and a diode 
array spectrometer. Without substrate the crystal shows a 
pronounced absorption peak around 394 nm. During flow 
of serine a marked absorption peaks at about 404 nm ap-
pears. Major changes occur within the first 3 min. Difference 
spectra are shown in Plate 115. 

X-ray diffraction studies of demembranated muscle 
fibres (B. Brenner & Th. Kraft (Hannover), S. Xu 
& L.C. Yu (Bethesda)) 

Two-dimensional diffraction patterns from skinned rabbit 
psoas fiber bundles in rigor and under relaxing conditions 
at various ionic strengths and at several temperatures were 
recorded on the image plate. The diffraction patterns show 
excellent camera characteristics such that the myosin and 
the actin layer lines and meridional reflections are well 
resolved, well beyond the quality obtainable by a laboratory 
source limited to shorter camera length. The data has yet 
to be analyzed. 

o 
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Non-crystalline systems 

Group leader: M. Koch 

Scientist: D. Svergun 

Fellows: C. Barberato, M. Kozin*, A. Timschenko*, V. Volkov* 

Visitors: A. Bigi*, K. Brandenburg*, H. Bunjes*, N. Burkhardt*, B. Denef*, G. Diedrich*, M. d'Erme*, 
M. Dosiere*, G. Dreezen*, K. Eersels*, C. Fougnies*, J. Frank*, A. Gabriel*, A. Gerke*, 
L. Goobar-Larsson*, F. Hirche*, G. HObner*, S. Konig*, S. Kuprin*, A. Marx*, N. Mischenko*, U. MOcke*, 
H. Notbohm*, K. Reisner*, H. Reynaers*, N. Roveri*, Z. Sayers*, B. Schmidt*, 
E. Schoenbrunn-Hanebeck*, I. Serdyuk*, K. Westesen* 

Assistant: P. Brouillon 

A new CAMAC data acquisition store with up to 64 Mwords 
designed in the group of Christian Boulin in Heidelberg 
went through final debugging and was installed. This will 
allow an increase in the number of frames in time-resolved 
measurements and more easy performance of these mea-
surements with two-dimensional detectors. Progress was 
also made in the development of a new 32-bit version of 
the data acquisition system under OS/2 (in collaboration with 
C. Golding, Lancaster). A linear detector with a delay line 
based on modern electronic components (SMT) developed 
by Andre Gabriel in Grenoble was installed and used for 
several projects. 

Below only a brief summary of selected projects is given. 
More details can also be found in the 1994 HASYLAB 
Annual report and in forthcoming publications. 

Purification and structural studies of yeast 
Cu-metallothionein 

The effort in this project was directed towards developing 
methods to maximize the purity and yield of this low molecu-
lar weight protein (6 kDa). Using electrophoretic methods we 
have been able to obtain the purest preparation documented 
in the literature (>95% by amino-acid analysis). The yield 
of the procedures developed so far is, however, too low for 
systematic crystallization tests. To simplify the purification 
and/or improve the yield alternative cloning and expression 
systems in which Cu-metallothionein is expressed as part of 
a fusion protein, are also being tested. 

Data analysis methods 

The uniqueness of shape determination given the limited 
information in solution scattering data is being analyzed. It 
was found that the adaptive nonlinear least-squares method 
NL2S0L (Dennis et al., 1981) implemented in the shape 
determination algorithms is superior to the general purpose 
gradient methods. Simulations indicate that up to a multipole 
resolution of L=3 shape restoration yields a unique solution. 
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At higher resolution different shapes can be found yielding 
the same scattering curve within computational accuracy. 
Criteria to resolve this ambiguity using additional information 
are now being elaborated (collaboration with V. Volkov 
(Moscow) and H. Stuhrmann (Geesthacht)). 

A project was started to implement superresolution meth-
ods known from optics and radar mapping using prolate 
spheroidal wave functions for solution scattering. A program 
for fast and accurate evaluation of these functions has been 
written and the data treatment algorithm is currently being 
implemented (collaboration with V. Volkov and M. Kozin 
(Moscow). 

The graphic system for 3D rendering was rewritten in the 
PHIGS+ standard and ported to the SPARC-2GS worksta-
tion enabling manipulations with up to 50 Gouraud-shaded 
solids (c:ollaboration with M. Kozin (Moscow)). To find easily 
a good starting point for shape determination, a program that 
finds the best fit triaxial ellipsoid by minimising the difference 
between experimental and calculated curves was produced. 

An algorithm for the evaluation of solution scattering pat-
terns from atomic coordinates which takes the scattering 
from a solvation layer into account was implemented. Tests 
on several structures (bovine pancreatic trypsin inhibitor, 
lysozyme, hexokinase, annexin, ribonucleotide reductase, 
etc.)· using the atomic coordinates from the Protein Data 
Bank (PDB) and precise solution scattering data showed 
that the introduction of this layer is a necessary condition for 
a proper description of the solution scattering. The program 
allows us not only to predict and fit solution scattering curves 
but also to analyze the differences between crystallographic 
models and the native particle structure and to search 
for the mutual positions of domains in complex proteins 
using the methods developed earlier (Svergun, 1991). In 
some cases (e.g. ribonucleotide reductase protein R2) it 
is possible to predict the positions of the chains which 
cannot be located in the crystallographic electron density 
maps. 



Collaborations 

X-ray solution scattering on the oligomerization of 
the MIP (macrophage infectivity potentiator) protein 
from Legionella pneumophila (with B. Schmidt, 
J. Rahfeld & G. Fischer (MPG) & S. Konig (Halle)) 

The MIP protein is a major virulence factor of the gram-
negative bacterium Legionella pneumophila causing Legion-
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naires' disease. X-ray solution scattering confirmed that 
MIP is a dimer and its tentative low resolution shape was 
obtained, Plate 116. The shape of the smaller homologous 
human FKBP12 protein for which the crystal structure is 
known (Van Duyne et a/., 1991) fits astonishingly well inside 
the larger domain of the MIP monomer, which would thus 
be the C-terminal domain. According to secondary structure 
predictions the second domain would then consist of a 
helix. 
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PLATE 116 

(a) Experimental scattering curve 
of the MIP protein and calcu-
lated curve using a best-fit el-
lipsoid. Note the limited s-range 
over which agreement is obtained 
with this simple approach. 

(b) Experimental scattering curve 
of the MIP protein (1), approxima-
tion to the shape scattering curve 
obtained by forcing a 1/s-4 depen-
dence in the tail of the curve (2) 
and fit obtained with the shape in 
plate 116(c) (3) 

(c) Shape of the dimeric MIP pro-
tein evaluated from solution scat-
tering. The smaller homologous 
human FKBP12 fits astonishingly 
well to the larger domain. 
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X-ray contrast variation study of the 705 E.coli 
ribosome and its 305 subunit in solution (with 
N. Burkhardt, G. Diedrich & K. Nierhaus (MPG, Berlin)) 

Solution scattering patterns from native tight-coupled 70S 
subunits were measured at eight contrasts up to 56 weight 
percent sucrose. A preliminary analysis yields a maximum 
diameter of 28 nm and radii of gyration around 9 nm for 
the shape, 8 nm for the RNA moiety 8 nm and 10.5 nm 
for the protein part. Similar data for reassembled 70S ri-
bosomes and for the isolated subunits indicate that there 
are differences between thfl scattering curves from the 
reassembled and native 70S in water. These may reflect 
genuine structural differences or be preparative or buffer 
effects. The radius of gyration of the 30S subunit in water, 
was estimated to be 7.1 nm. Joint processing of the contrast 
variation data is now in progress. Complementary neutron 
contrast variation data will be measured at Ris0 (Roskilde, 
Denmark) during the next year. 

X-ray solution scattering of pyruvate 
decarboxylase (POC) from pea seeds (with 
U. Mucke & S. Konig (Halle-Wittenberg)) 

Further solution scattering measurements were made on 
this protein which consists of two different subunits of 64 and 
68 kDa and forms a range of oligomers depending on the 
conditions. The aim is to correlate the equilibrium between 
these oligomers with the kinetic properties of the enzyme. 

X-ray solution scattering from enzyme I of the 
phosphotransferase system (with G. Hubner, 
W. Hengstenberg & S. Konig (Halle-Wittenberg)) 

Further measurements confirmed that the activity of this 
enzyme which is part of the phosphoenolpyruvate phospho-
transferase system is regulated by oligomerisation induced 
by Mg++ or phosphorylation. The results have been submit-
ted for publication. 

Characterization of HIV-1 reverse transcriptase 
and proteinase interaction (with L. Goobar-Larsson & 
B. Oberg (Stockholm) and T. Unge & B. Strandberg (Upp-
sala)) 

At the end of the year further X-ray solution scattering mea-
surements were made on the HIV-1 reverse transcriptase. 
The results which have not yet been completely analyzed 
suggest that the heterodimer may be partly dissociated in 
solution. 

Association of subunits of ribonucleotide 
reductase from E.coli (with S. Kuprin, A. Ehrenberg 
& A. Graeslund (Stockholm) and R. Rigler (Stockholm)) 

The scattering from the isolated subunits and from the 
complex was measured. The data for the isolated subunits 
were recorded and the experimental scattering curves were 
compared with those calculated from the crystallographic 
data in the PDB. The observed differences can be traced to 
missing parts of the structure and/or to an increased range 
of conformations in solution. 
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Comparison of physicochemical properties of 
native and drug loaded human low density 
lipoproteins (LOL) and protein-free LOL model 
systems (with K. Westesen & A. Gerke (Braunschweig)) 

Native and drug loaded human low density lipoproteins and 
protein-free model systems were characterized by NMR, 
photon correlation spectroscopy and X-ray solution scatter-
ing. The results concerning the effect of drug loading on 
the structure and thermal behaviour of these potential drug 
carriers are in press. 

Effect of drug loading on lipid nanoparticles 
(with H. Bunjes & K. Westesen (Braunschweig)) 

The recrystallization tendency and transformation kinetics 
of different triglycerides with mean particle sizes between 
60 and 45 nm were compared by simultaneous small-
and wide-angle scattering. In agreement with our previous 
observations there are large differences, up to 50 0 C in the 
case of trilaurine, between the crystallization and melting 
temperatures of these nanoparticles. 

Phase behaviour of Tyloxapol- Triton X100-
water mixtures (with K. Westesen & H. Bunjes 
(Braunschweig)) 

The ternary diagram of the liquid non-ionic surfactants Ty-
loxapol and Triton X100 and the boundaries of the regions 
with micellar, hexagonal, cubic and lamellar structures were 
determined at different temperatures by X-ray scattering and 
polarizing microscopy. The results are in press. 

Properties of carrageenan solutions and gels 
(B. Denef, N. Mischenko & H. Reynaers (Leuven)) 

The measurements on solutions and gels of iota and kappa-
carrageenan at different ionic strengths and temperatures 
were completed. The X-ray scattering of these weak poly-
electrolytes was analyzed within the frame of the fluctuation 
theory of Borue and Erukhimovich. The results have been 
submitted for publication. 

5upramolecular structure and biological activity 
of free lipid A from various species 
(K. Brandenburg & U. Seydel (Borstel)) 

In the conditions used for X-ray scattering the lipid A sam-
ples from Salmonella minnesota adopt a cubic inverted 
phase whereas those of Rhodospirillum fulvum and Campy-
lobaeter jejuni have a multilammelar structure. In biological 
tests the latter two lipid A samples are three orders of 
magnitude less active than that of S.minnesota. This is 
in line with earlier findings suggesting that the biological 
activity of these substances is related to their ability to form 
cubic phases. 

Influence of electrolytes on collagen superstructure 
(A. Bigi & N. Roveri (Bologna)) 

Wet and air dried collagen equilibrated in different concen-
trations of tetramethyl ammonium chloride was studied to 



follow molecular packing as a function of water content. 
Microcalorimetric and dilatometric analyses on the same 
samples indicate a clear relationship between molecular 
packing as observed by X-ray diffraction and water content. 

Collagen orientation in osteons submitted to 
loading - unloading cycles (A. Bigi & N. Roveri 
(Bologna)) 

Although the calcified collagen fibrils in longitudinal and 
alternate osteons exhibit the same packing the distribution 
and orientation of apatitic cl)'stallites are quite different. This 
difference is also reflected in the mechanical behaviour. 
The degree of orientation of the collagen fibrils after cyclic 
loading does not change in the two types of osteons but 
that of the apatitic crystallites is significantly reduced in 
longitudinal osteons. 

Other projects 

The group of E. Mandelkow (MPG, Hamburg) used the 
beam-line for its project on microtubules and associated 
proteins. Collagen X-ray diffraction patterns from skin of 
patients with lipodermatolysis (H. Notbohm, Lubeck) were 
recorded. New tests were also made on chromatin prepa-
rations (M. d'Erme, Rome). A small number of projects on 
synthetic polymers (M. Dosiere et al., Mons, Reynaers et 
al., Leuven) requiring simultaneous recording of the small-
and wide-angle scattering were also carried out and some 
of the results of these projects are already in press. 
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The Grenoble Outstation 

Introduction 

The Grenoble Outstation of EMBL has the dual roles of 
pursuing research in structural molecular biology and of col-
laborating with its neighbouring international institutes, the 
Institut Laue-Langevin (ILL) and the European Synchrotron 
Radiation Facility (ESRF) in provision of respectively neu-
tron and X-ray facilities for visiting biologists. 

1994 saw the successful commissioning and entry into 
scheduled beam-line operation of the high-brilliance beam-
line, BL4. An Outstation scientist is reponsible for the pro-
tein crystallography endstation on this beamline which uses 
an undulator insertion device as source. The very high 
intensity and almost perfect collimation have immediately 
shown their value in permitting data to be collected on 
very large unit cell crystals and very small crystals. An-
other Outstation scientist has made significant progress 
towards the construction of a bending magnet beamline 
(BL 19) optimised for multiple wavelength anomalous diffrac-
tion measurements on protein crystals; this is expected to 
be operational in the summer of 1995. Design work, again in 
collaboration with the ESRF, has also begun on a multiple 
end-station protein crystallography beamline (BL20) which 
will use thin diamond crystals to split the beam from an 
undulator source. On the all important X-ray detector front 
for synchrotron applications, progress is being made to-
wards construction of a large area rotating drum image-plate 
scanner and the performance of gas filled detectors is also 
being improved. Although the ILL neutron reactor was still 
not operating in 1994, a new instrument constructed by 
EMBL and ILL scientists (quasi-Laue diffractometer) which 
will speed up neutron crystallographic measurements on 
proteins has been tested at the Rizo reactor. It is ready 
for installation at the ILL as soon as neutrons are again 
available in early 1995. This instrument uses as detector 
the original version of the rotating drum image-plate scan-
ner mentioned above, but with an image-plate sensitive to 
neutrons. 

The common theme running amongst the biologically ori-
entated groups at the Outstation is an interest in proteins 
interacting with RNA. Both the in-house crystallography 
and protein biosynthesis groups continue to have major 
research efforts on unravelling structure-function relation-
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ships in the family of aminoacyl-tRNA synthetases which 
specifically charge tRNAs with their cognate aminoacids. 
The most detailed results to date have been obtained with 
seryl-tRNA synthetase. This year new biochemical results 
have been obtained on the ability of this enzyme to syn-
thesise AP4A and the structural basis of this reaction as 
well as on regulation of expression. Also there is now a 
greatly improved understanding from better crystal data of 
the recognition of the acceptor stem of tRNAser by seryl-
tRNA synthetase. Finally progress has been made towards 
cloning and expression of the seryl-tRNA synthetase from 
human and Haloarcula marismortui. However the work on 
synthetases is now diversifying with projects well advanced 
on the crystal structures the lysyl-tRNA synthetaseltRNAlys 
complex and of histidyl-tRNA synthetase and cloning, func-
tional studies and crystallisation trials on several others, no-
tably asparginyl-tRNA synthetase, leucyl-tRNA synthetase 
and tyrosyl-tRNA synthetase, all from T.thermophilus. The 
crystal structure determination of the Ef-Tu/Ef-Ts complex 
initiated by the protein biosynthesis group is advancing well 
and a new project on structural studies of the signal recog-
nition particle (SRP), an RNA-protein complex involved in 
protein translation-translocation coupling, has yielded good 
crystals of the SRP9 protein. 

The virus structure group studies the structure of negative 
strand viruses and the processes involved in their replica-
tion. Negative strand viruses have a genome consisting of 
RNA with negative polarity (complementary to mRNA) which 
is encapsidated by a nucleoprotein (NP) and associated 
with an RNA dependent RNA polymerase (or polymerase 
complex). The nucleocapsid forms a complex with the M 
protein and this complex is surrounded by a lipid membrane. 
The glycoproteins are inserted into this lipid membrane and 
extend to the outside. These glycoproteins are either in-
volved in cell entry, i.e. receptor recognition and membrane 
fusion, or necessary for release from the infected cell. This 
year's results concern influenza virus proteins forming the 
nucleocapsid and how they interact with the RNA, the struc-
ture of the M proteins of influenza and vesicular stomatitis 
virus (VSV) and on the conformational changes in the rabies 
glycoprotein that occur during activation of the membrane 
fusion reaction. 



Crystallography group 

Group leader: S. Cusack 

Scientists: A. Aberg, C. Berthet-Colominas, E. DiCapua*, B. Rasmussen*, M. Tukalo 

Fellows: G. Bec, H. Belrhali, D. S. Doublie, S. Monaco* 

Visitor: A. Yaremchuk 

Assistant: U. Kapp* 

The focus of the group is structural studies of proteins that 
interact with RNA. Three systems are being actively studied, 
aminoacyl-tRNA synthetases and tRNA, proteins from the 
signal recognition particle and prokaryotic and eukaryotic 
poly(A) polymerases. 

Aminoacyl-tRNA synthetases 

A major theme of the group's activity is structural studies of 
aminoacyl-tRNA synthetases and their substrate complexes 
with the aims of understanding specificity and discrimination, 
reaction mechanisms and evolution. Despite great progress 
in recent years in answering many specific and general 
questions about aminoacyl-tRNA synthetases, each of the 
twenty systems are sufficiently different and interesting 
to merit individual studies. We are currently working on 
five different synthetases; this includes the three systems 
whose tRNAs have long variable arms (serine, tyrosine 
and leucine) as well as the lysine and histidine systems. 
Most progress this year has been on the seryl-, Iysyl- and 
histidyl-tRNA synthetases. 

Seryl-tRNA synthetase 

Structural basis of serine activation and Ap4A 
synthesis by seryl-tRNA synthetase (H. Belrhali, 
A. Yaremchuk, M. Tukalo, C. Berthet-Colominas 
& S. Cusack) 

As the first step in the overall tRNA aminoacylation reaction, 
aminoacyl-tRNA synthetases (aaRSs) activate the substrate 
amino acid with Mg2+ -ATP to form the aminoacyl-adenylate. 
Most synthetases can also synthesise the dinucleotide AP4A 
by attack of a second ATP molecule on the enzyme bound 
adenylate according to the equation: 

Mg2+ 
aaRS.aa-AMP + ATP ¢=::} aaRS + AP4A + aa 

Although the cellular role of AP4A is uncertain, it has 
been implicated in a wide variety of metabolic processes 
and stress-related phenomena (Plateau & Blanquet, 1994). 
We have determined a series of crystal structures at 
2.3-2.6 A resolution of binary and ternary complexes of 
T.thermophilus seryl-tRNA synthetase with ATP, man-
ganese or magnesium, seryl-adenylate (and analogues) and 
Ap4A. In the case of the ATP-Mn2+ complex, three man-
ganese sites were identified by their anomalous scattering 
signal (Plate 117). The major manganese site, co-ordinated 
by the a- and /J-phosphates of the ATP as well as residues 
Glu-345 and Ser-348 from the enzyme, is also occupied 
in the seryl-adenylate and AP4A complexes (Plate 118). 
The second adenosine binding site revealed by the AP4A 
complex structure is probably close, but not identical, to 
that of the terminal A-76 of the tRNA; this follows from 
the observation that the 3'OH of the second AP4A ribose, 
potential site of aminoacylation, is too far away from and 
wrongly orientated with respect to the serine binding site. 
These structures now permit us to give a detailed and 
coherent structurally based description of the mechanism 
and specificity of seryl-adenylate and AP4A formation by 
a seryl-tRNA synthetase. Both AP4A and seryl-adenylate 
are formed by in-line displacement reactions involving a 
pentavalent transition state at the a-phosphate position, 
but with the displacement going in opposite directions. 
The enzyme active site is designed to hold the substrates 
serine and two distinct ATP molecules in the correct ge-
ometrical relationship for these reactions to occur with 
minimal additional distortion required (Plate 119). The di-
valent cation and the conserved arginine-256 from motif 
2 (which can hydrogen bond to both the a-phosphate 
and the carboxyl-group of the substrate serine) are both 
in a position to stabilize the pentavalent transition state. 
This is the first evidence that the divalent cation plays 
this key role in activation by an aminoacyl-tRNA syn-
thetase. 
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PLATE 117 

Stereo diagram of the conformation of the Mn2+ -ATP bound in the 
active site of seryl-tRNA synthetase showing the three manganese 
ions and their corresponding anomalous scattering. 

---

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

PLATE 118 

Raw difference electron density for the AP4A molecule and associ-
ated manganese ion in the active site of seryl-tRNA synthetase. 
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PLATE 119 

Superposition of the conformations of the enzyme bound ATP (dark 
grey) and seryl-adenylate (white) showing the common divalent 
cation binding site (Mn) and key arginine residues. The juxtapo-
sition of the ATP and seryl-adenylate is consistent with an in-line 
displacement mechanism for adenylate formation, with the motif 2 
arginine and the divalent cation assisting in catalysis. 

Arg 386 (Motif 3) 

Sery l-adeny late 

Arg 271 

Arg 256 (Motif 2) 

Some of the residues interacting with the second adenosine 
of the AP4A are not conserved between SerRS from Ecoli 
and T.thermophilus. It is thus of interest to see how this 
molecule is bound in the Ecoli SerRS active site. This 
problem has been addressed using crystals of the "armless" 
mutant of Ecoli SerRS described last year (collaboration 
with S. Price and R. Leberman). However despite soaking 
with very high concentrations of AP4A and Mn2+ and transfer 
of crystals from phosphate to citrate mother liquor, no ApA 
complex has yet been observed with Ecoli seryl-tRNA syn-
thetase. On the other hand, very good data (86% complete 
to 2.3 A resolution, Rmerge=S.4%) has been obtained with 
the deletion mutant and the sulphamoyl-analogue of the 
intermediate seryl-adenylate (Belrahli et al., 1994). 

Recognition of tRNA Ser acceptor stem by the 
motif 2 loop of seryl-tRNA synthetase 
(A. Yaremchuk, M. Tukalo, G. Bec & S. Cusack) 

The key element in the recognition of tRNASer by SerRS is 
the long-variable arm of tRNASer as has been described 
previously (Biou et al., 1994). Interactions in the accep-
tor stem region, in particular with the synthetase motif 2 
loop, seem to be for fine tuning. The full importance of 
the acceptor stem-motif 2 loop interactions in seryl-tRNA 
synthetase is still obscure, since in vitro results suggest 
that KRNAcat/KRNAm is not very sensitive to base se-
quence in positions 3:70, 2:72,1:72 and the discriminator 
base 73 (except that Cyt-1 :Gua-72 is disfavoured com-
pared to the normal Gua-1 :Cyt-72). We are investigating 
this problem crystallographically and by trying to construct 
motif 2 mutations which have altered tRNA acceptor stem 
specificity. 

In previous reports on the structure of orthorhombic crystals 
of T.thermophilus seryl-tRNA synthetase complexed with 
tRNASer(GGA), no details have been available on the tRNA 
acceptor stem-enzyme interactions in the active site due 
to disorder of the tRNA (Biou et al., 1994). Improved data 
have now been obtained on the same· crystal form which 
show for the first time the interactions between the flexible 
motif 2 loop of the synthetase and the tRNA acceptor stem, 
even thought the extreme 3' CCA end of the tRNA is still not 
well ordered. The improvements have come through firstly 
co-crystallisation with the sulphamoyl-analogue of the inter-
mediate seryl-adenylate (Belrahli et al., 1994) which binds 
strongly in the active site, probably stabilising it, and sec-
ondly through the use of cryo-crystallography techniques. 
Using a single crystal, cryo-protected with 30% glycerol 
and flash-frozen to 130 0 K, a 97% complete data-set has 
been collected at LURE, Orsay to 2.8 A resolution with an 
Rmerge of 6.8%. The structure, including two seryl-adenylate 
analogue molecules and about 200 ordered water molecules 
has been refined with XPLOR to an R-factor of 21.6% (Rfree 
27.6%) with good geometry. 

Of particular interest is the role played by Phe-262 in the 
middle of the motif 2 loop (Plate 120). This residue is now 
seen to reach down far inside the major groove of the accep-
tor stem of the tRNA to interact with base-pairs Ade-S:Uri-68 
and Gua-4:Cyt-69. A novel hydrophobic interaction between 
Phe-262 and the hydrophobic edge (CS and C6 positions) of 
bases Uri-68 and Cyt-69 is observed which effectively dis-
criminates between purines (R) and pyrimidines (Y). Indeed 
positions 68 and 69 are exclusively pyrimidines in bacterial 
tRNAsser and substitution of R(4/S)-Y(69/68) pairs by Y-R 
pairs leads to a significant fall in Kcat/Km for aminoacylation 
(P. Saks & J. Sampson, Caltech, personnel communication). 

Lysyl-tRNA synthetase 

Lysyl-tRNA synthetase (LysRS) from the extreme ther-
mophile Thermus thermophilus is an homodimeric class 
II synthetase. We are interested in studying the structural 
basis of recognition of cognate tRNA1ys by LysRS and a 
comparison with the closely related aspartyl-system. The 
anticodon of tRNA1ys (U/CUU36) is known to be an im-
portant identity element for recognition by LysRS as well 
the discriminator A73 (Tamura et al., 1992). Modified bases 
are also thought to be important in recognition since un-
modified transcripts show 140x reduced lysine charging 
activity than wild-type tRNA1ys (Tamura et al., 1992). In 
Ecoli the modification of U34 at the wobble position to 
S-methylaminomethyl-2-thiouridine (mnm5s2U=S) may be 
important in this respect. It is also well known that for 
the synthesis of the first proviral DNA strand, the reverse 
transcriptase of the type 1 human immunodeficiency virus 
(HIV-1) uses human tRNA1YS3 (SUU36) as primer. It has been 
shown that the reverse transcriptase binds preferentially to 
the anticodon region of tRNA1YS3 (Litvak et al., 1994). Fur-
thermore, biochemical analysis has shown that in addition 
to the contact between the viral RNA primer binding site and 
the 3' end of the tRNA1YS 3 HIV-1 RNA also binds specifically 
to the anticodon loop of tRNA1YS 3 and that the modified base 
mnm5s2U34 plays a vital role in the primer-tRNA interaction 
(Isel et al., 1993). 
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PLATE 120 

View of the active site of T.thermophilus 
seryl-tRNA synthetase showing the seryl-
adenylate analogue (SER-AMS), motif 2 
(two anti parallel (J-strands and a connecting 
loop, black) and the phosphate backbone 
of the acceptor end of the tRNAser (black). 
The side-chain of phe-262 which makes hy-
drophobic interactions with bases Uri-68 and 
Cyt-69, is also shown. 

---- -------

PLATE 121 

Comparison of tertiary structure of subunits of T.thermophilus Iysyl-
tRNA synthetase (left) and yeast aspartyl-tRNA synthetase (right; 
Ruff et al., 1991). Both are dimeric class lib aminoacyl-tRNA 
synthetases with very similar C-terminal catalytic domains (white). 
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The N-terminal anti-codon domains (bottom, black) have similar 
topology but are different in detail. The insertion domain (left of 
each molecule, grey) are different. 



Crystal structure of lysyl-tRNA synthetase from 
Thermus thermophilus in complex with tRNA1ys 
(A. Yaremchuk, M. Tukalo, S. Monaco & S. Cusack) 

LysRS from Thermus thermophilus has been co-crystallised 
with both its cognate tRNA1yS(CUU) or Eco/i tRNA1yS(SUU) 
using ammonium sulfate as precipitant (Yaremchuck et 
al., 1995). The crystals grow from solutions containing a 
1 :2.5 stoichiometry of synthetase dimer to tRNA in 18-22% 
ammonium sulfate in Tris-maleate buffer at pH 7.5. Both 
complexes form square prismatic, tetragonal crystals with 
very similar unit cell parameters (a=b=233 A, c=119 A) and 
diffract to at least 2.7 A resorution. The homo-complex is of 
space group P4212 and the hetero-complex of space group 
1422 at room temperature. However the heter-complex crys-
tals are (unpredictably!) either 1422 or P4212 upon flash 
freezing in the presence of 30% glycerol. Complete na-
tive data-sets to 2.75 A resolution have been collected at 
100 0 K on beam-line 4 at the ESRF, Grenoble, on both 
the 1422 and P4212 forms of the hetero-complex (Rmerge 
respectively 4.6% and 3.8%). Flash freezing is required to 
avoid serious radiation damage; even frozen, only about 
15 degrees of data can be obtained at one single crystal 
position. A room temperature data-set has been collected 
on the homo-complex at 3.1 A resolution. 

The structure of the LysRS-tRNA1ys complex crystals has 
been determined in a straightforward manner by molecular 
replacement using the known crystal structure of LysRS 
(LysU) from Eco/i (Onesti et al., 1995). Ecoli (LysU) and 
T.thermophilus lysyl-tRNA synthetases are 42% homolo-
gous. The 1422 and P4212 crystal forms have essentially 
the same packing with respectively one and two monomers 
in the asymmetric unit; only a very small displacement 

PLATE 122 

Comparison of tRNA anticodon loop 
conformations when bound to syn-
thetase. White: yeast tRNAasP com-
plexed to yeast aspartyl-tRNA syn-
thetase (Ruff et al., 1991) (sequen-
ce 33-UGUCGC-38). Black: E.coli 
tRNA1ys complexed with T.thermo-
phi/us lysyl-tRNA synthetase (se-
quence 33-Umnm5S2UUUAA-38, 
as labelled). The backbone confor-
mations are rather similar except in 
the region of the wobble base-34. 

breaking the I-centering symmetry is required to go from 
1422 to P4212. 

The structure of LysRS from T.thermophilus is, as ex-
pected, similar to LysRS from Ecoli and to aspartyl-tRNA 
synthetase (AspRS) from yeast (Plate 121, see also On-
esti et al., 1995). It consists of an N-terminal .a-barrel 
domain (residues 1-137) and a larger C-terminal catalytic 
domain (residues 160-484) with the characteristic class II 
synthetase fold, separated by a short hinge domain. For 
reasons yet to be established, only the anti-codon loop 
of the tRNA is well defined in the electron density map. 
This is despite the presence of intact tRNA in the crystals 
as determined by gel analysis of washed crystals and the 
availability of space for the complete tRNA in the crystal. 
Refinement is still in progress. 

Of considerable interest is the comparison of the recognition 
of the anticodon of tRNA1YS(C/SUU36) by LysRS with that of 
tRNAasp(GUC36) by AspRS (Plate 122). Our results show 
that the backbone conformation of the tRNA anti-codon 
loop is generally rather similar in the LysRS and AspRS 
complexes except in the vicinity of the first letter of the an-
ticodon (C34 or mnm5s2U34 in respectively T.thermophilus 
or Eco/i tRNA1yS) where an usual C2'-endo conformation 
of the ribose in tRNA1ys results in a considerable deviation 
between the two. The electron density for the modified 
base mnm5s2U34 in Eco/i tRNA1ys is very clear. The spe-
cific recognition of U35, common to tRNAasP and tRNA1ys, 
is identical between AspRS and LysRS (stacked against 
a conserved phenylalanine and specified by a conserved 
glutamine). U36 in tRNA1ys is recognised by LysRS via 
side-chain interactions whereas C36 in tRNAasP is specified 
by main-chain interactions with AspRS. 
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Cloning of lysyl-tRNA synthetase from Thermus 
thermophilus and overexpression of E.coli tRNA'Ys 
(A. Yaremchuk & M. Tukalo) 

To permit further study of the lysyl-tRNA synthetaseltRNA'Ys 
complex we have cloned genes for T.thermophilus strain 
HB27 LysRS and Ecoli tRNA'Ys into overproducing strains 
of Ecoli. Using the previously determined amino-acid se-
quence of LysRS from T.thermophilus strain VK-1 (Chen et 
al.,1994), we amplified the gene that codes for this enzyme 
by PCR using synthetic degenerate deoxyoligonucleotide 
primers. The amplified DNA was partially sequenced and 
the deduced amino-acid Sequence of the gene product 
was found to be in exact agreement with the amino-
acid sequence of LysRS from T.thermophilus VK-1. Over-
expression of the gene was accomplished by cloning into 
pETSa expression vector so that it was under control of the 
T7 promoter and then using the resultant plasmid, pLSTT, to 
transform Ecoli BL21 (DE3). The overproduced protein was 
purified by heat treatment of the crude extract followed by 
two chromatography steps (DEAE-Sepharose and heparin-
Sepharose columns). 

A synthetic gene for Ecoli tRNA'Ys under the control of 
the T7 promoter was constructed by assembling 6 over-
lapping oligonucleotides and inserted into a pSP64 plas-
mid vector. This construction was transformed into Ecoli 
strain JM1 09(DE3) which contains the T7 RNA polymerase 
gene under the control of the inducible lacUV5 promoter 
(Promega). Analysis of RNA from induced cultures showed 
a sevenfold increase in tRNA'Ys levels. For tRNA'Ys purifica-
tion, a crude ribonucleic acid extraction was performed by 
phenol extraction and ethanol precipitation. The final pre-
cipitant was then fractionated on DEAE-Sepharose or BD-
cellulose. The pool of tRNA'Ys activity from these columns 
was further fractionated by HPLC anion-echange DEAE 
SPW and C8 reverse-phase chromatography. The last col-
umn gave two peaks with tRNA'Ys activity. These two peaks 
seem to correspond to full or partial modification of base 
A37 of the tRNA. The yield of pure fully modified tRNA'Ys 
was 1 mg from 41 of cells with a lysine acceptance activity 
of 1300 pmols lysine per A260 unit. 

Histidyl-tRNA synthetase 

Crystallization and preliminary crystallographic 
studies of Thermus thermophilus histidyl-tRNA 
synthetase in complex with histidine and tRNAhis 
(A. Yaremchuk, M. Tukalo, A. Aberg & S. Cusack) 

Histidyl-tRNA synthetase (HisRS) from T.thermophilus is 
a homo-dimeric class II synthetase. We are interested in 
the specific recognition of the synthetase for its cognate 
tRNA. tRNAhis is unique for the additional G present at 
the S' end (G-1). An X-ray analysis of the HisRS-tRNAhis 
complex might reveal the role of the G-1 :C73 base-pair in 
recognition by HisRS. To this end we have obtained crystals 
of two different complexes of T.thermophilus HisRS, firstly 
with histidine and secondly with T.thermophilus tRNAhis , 
using ammonium sulphate as precipitant. A 9S.S% complete 
data-set to 2.7 A resolution with an Rmerge on intensities of 
4.1 % has been collected on a single flash-frozen crystal at 
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BL4, ESRF. The crystals belong to the spacegroup P21212 
with cell dimensions a=171.3 A, b=214.7 A and c=49.3 A 
and 0.=/3=/=90 0

• Several heavy <itom derivatives have been 
measured and structure solution is in progress. A partial 
data-set of the HisRS complex with its cognate tRNAhis 
has been collected at the ESRF, Grenoble. The crystals 
diffract to about 4.S A resolution and are tetragonal with cell 
dimension a=b=232 A, c=SS9 A, 0.=/3=/=90 0

• 

Cloning of T.thermophilus histidyl-tRNA synthetase 
(A. Yaremchuk & M.Tukalo) 

To have sufficient material for further crystallographic stud-
ies, HisRS from T.thermophilus has been cloned. The N-
terminal protein sequence of the first 43 amino-acid residues 
together with highly conserved regions of HisRS were used 
to define several oligonucleotides as primers for PCR. Two 
oligonucleotides, corresponding to the first six N-terminals 
residues and to seven conserved amino-acids in central 
part of protein were used in PCR to select a single DNA 
fragment of 8S0 bp. That this corresponded to the HisRS 
gene was verified by cloning and DNA sequencing. The 
cloned fragment was then used as a probe for Southern blot 
hybridization to T.thermophilus chromosomal DNA digested 
with several restriction enzymes. A 2.S kb Hind IIl/BamHI 
fragment was cloned into pUC18 plasmid and partially se-
quenced. The sequencing data show that the complete gene 
of HisRS is present in this 2.S kb fragment of DNA and 
construction of an over-expression system is in progress. 

X-ray crystallographic studies of protein for the 
Alu-domain of the mouse signal recognition 
particle (S. Doublie, U. Kapp, E. DiCapua, 
K. Strub (Geneva) & S. Cusack) 

The signal recognition particle (SRP) is a cytoplasmic ri-
bonucleoprotein that plays an essential role in sorting pro-
teins to the endoplasmic reticulum. SRP 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 in the actual translocation process. 
Canine SRP, the first example to be discovered and by far 
the most studied, is composed of a 300 nucleotide long RNA 
molecule (SRP RNA), two heterodimeric protein subunits 
(SRP68/72 and SRP9/14) and two monomeric polypeptides 
(SRPS4 and SRP19). The two polypeptides SRP9/14 bind 
to the sequences at the S' end of SRP RNA that are homol-
ogous to the Alu family of repetitive sequences. SRP9/14 is 
essential to mediate the pause in the translation of secretory 
proteins. 

We have undertaken the crystallographic analysis of 
SRP9/14 and SRP9 in collaboration with Dr. K. Strub, 
University of Geneva who has cloned and overexpressed 
mouse SRP9 and SRP9/14 in Ecoli (Bovia et al., 1994). 
It is of particular interest that all SRP proteins lack ap-
parent structural similarities to already characterized RNA 
binding motifs. Two crystal forms of a SRP9/14 fusion 



PLATE 123 

Crystals of murine SRP9 from the signal recognition particle grown 
at (a) pH6.5 and (b) pH5.5. 
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protein (which is still biologically active) and one crystal 
form of SRP9 have been obtained so far, using incom-
plete factorial crystallisation experiment designs. All three 
crystal forms have been characterized either at ESRF or 
at EMBL Grenoble and diffract to at 'Ieast 3.0 A. When 
crystallized in the presence of Na/K phosphate, SRP14/9 
crystals belong to space group C2, with cell parameters 
a=157.6 A, b=91.6 A, c=1 08.5 A, and ,8=129.9·. SRP14/9 
crystals obtained using a mixture of polyethylene glycol 
and ammonium sulphate as precipitant belong to space 
group 141 (or 14122), with cell parameters a=b=128.6 A, and 
c=172.1 A. The SRP9 crystals are of space group P622 
(or P6422) with cell parameters a=b=63 A, c=111.5 A and 
diffract to 2.7 A resolution (Plate 123(a)). A change of pH 
by one unit changes drastically the morphology of crystals 
from hexagonal bipyramids to daggers (Plate 123(b)). A 
complete 2.8 A native data-set was collected at 1 00· K at 
the EMBL Hamburg Outstation on beam-line X11. It has 
an Rmerge of 8.2% and a multiplicity of 6. Crystals have a 
calculated solvent volume of 61 % with one molecule per 
asymmetric unit. The search for heavy atom derivatives is 
underway, both by soaking and co-crystallization with heavy 
metals. Crystals were obtained in the presence of HgCI2 and 
thimerosal; however the co-crystals with thimerosal are of a 
different space-group. We are also in the process of making 
the selenomethionyl-SRP9 protein. 

Crystal structure determination of the EF-Tu:EF-Ts 
complex from E.coli (T. Kawashima, C. Berthet 
& R. Leberman) 

The crystals of polypeptide elongation factor complex EF-
Tu:EF-Ts from E.coli obtained so far belongs to space group 
P212121 and the cell parameters can vary between two sets 
of value, depending on the hydration state of the crystals. 
The first form has a= 74.5 A, b=109.6A, c=198.8 A as cell 
parameters and diffracts to at least 2.3 A resolution, whereas 
the second form which has a=80.3 A, b=1 09.5 A, c=204.6 A 
diffracts to 3.3 A. There are two complexes per asymmetric 
unit. It is possible to interconvert the two forms by simple 
diffusion of vapor. The vapor diffusion can occur during 
data collection, for example when a crystal contained in 
a capillary is put in a cool air stream which induces a 
temperature gradient. This has caused great problems in 
routinely collecting useful data. 

A protocol to "lock" the better diffracting form has been 
investigated. In fact, the crystals as they are produced cor-
respond to form 2. By soaking them in gradually increasing 
concentration of PEG solution, the crystals can be dehy-
drated and transformed to form 1. Because this protocol is 
analogous to the one for the cryoprotection of crystals for 
X-ray experiments at 100· K, a native and a lead derivative 
data-set have been collected at cryo-temperature, using a 
conventional X-ray source. The analysis showed, in addition 
to the expected heavy atom site, a second site. Data-sets 
at 2.5 A can be routinely collected on a rotating anode at 
cryo-temperatures. 

However, the data do not allow a straightforward resolu-
tion of the structure either by molecular replacement us-
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ing the known EF-Tu structures or by screening a solvent 
flattened SIR map with a real space rotation and transla-
tion search program using various domains of the EF-Tu 
model. 

Due to the failure to find other derivatives, a SIROAS or a 
MAD experiment will be attempted, using the lead derivative. 
The production of selenomethioroyl-EF-Tu is also planned, to 
use for MIR or MAD phasing. 

The ESRF high brilliance beam-line, BL4 
(B. Rasmussen, A. Aberg, J.-M. Bois, D. Pognant 
with P. B6secke & O. Diat (ESRF) 

The high brilliance beam-line BL4, one of the first pub-
lic beam-lines at the ESRF, is shared equally between a 
protein crystallography and a small-angle scattering end-
station. EMBL has a large share of the responsibility 
for the smooth-running of the biocrystallography endsta-
tion. Focused monocromatic beam (0.7 A to 1.5 A) was 
first obtained in the protein crystallography experimental 
hutch in May 1994. The endstation was then equipped 
with a 300 mm diameter MAR research on-line imaging 
plate scanner and two cooling systems (Oxford Instruments 
cryostream and FTS). The beam-line and the biocrystal-
lography endstation were ready for commissioning at the 
beginning of June. A total of ten commissioning experiments 
(Table 5) were carried out before the official opening of 
scheduled beam-time experiments on 1 st September 1994. 
Fifteen visiting groups (Table 5) from seven countries sub-
sequently collected biocrystallographic data until the end 
of the year. The amount of beam-time avaiable to users 
is still limited by on-going commissioning. Equipment and 
visitor travel expenses were partially supported by a grant 
to EMBL under the EU Access to Large Scale Facilities 
Programme. 

Beam-line BL4 at the ESRF provides probably 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 measurements on weakly diffracting crystals, in 
particular those that are small in volume or have very large 
unit cells. Users of the endstation have found a very stable 
and reliable system with a beam so intense that often an 
attenuator has been necessary to avoid excessive radiation 
damage to crystals or to avoid excessive count rate with 
which the data acquisition system cannot cope. Exposure 
times have generally been in the range 2 s to 30 s per 
degree (average 5 s). This would indicate that complete 
data-sets, in principle, can be measured in 5-10 minutes. In 
practice, due to detector limitations (notably the long readout 
time of the image-plate scanner), it takes a few hours to 
measure a complete data-set. The radiation damage due 
to the very high X-ray intensity is to a large extent (but 
not always) eliminated by use of cryo-cooling of crystals 
to typically 100· K, an increasingly popular technique. The 
combination of high brilliance and freezing of crystals has 
permitted high quality data-sets to be collected on very 
small crystals (down to 20 j.Lm) in a manner previously 
impossible. 



Two examples illustrate the success of BL4 as applied to 
small crystals or crystals with very large unit cells. Firstly 
a group from Oxford, England (Noble, M., Endicott, J. & 
Johnson, L.N.) measured data to 2.7 A resolution on crystals 
of both native and seleno-methionine-substituted p13sUC1 , 
a zinc-containing cell cycle protein. The seleno-methionine 
containing crystals were only 20 microns thick. Direct meth-
ods permitted the identification of the six selenium atom 
sites and starting phases from this heavy atom model even-
tually led to the structure solution. The second example is 
that of crystals of part of influenza hemagglutinin complexed 
with a neutralising antibody Fab fragment, studied by a 
French group from Gif-sur-Yvette (Bizebard, T., Gigant, B. & 
Knossow, M.). The technical difficulty in this case was a long 
unit cell axis of 515 A; nevertheless data to 3.3 A resolution 
were successfully measured with excellent resolution of the 
spots. This data permitted the structure to be determined by 
molecular replacement. 

Table 5 
Commisioning experiments 

Knossow, M. et al. Complexes of neutralizing antibo- F 
dies with influenza hemagglutinin 

Dideberg, et al. Penicillin receptor crystals F 
Fontecilla, et al. Hydrogenase F 
Thirup, J. et al. Ef-TU:GDPNP:Phe-tRNAphe- DK 

complex 
Cambillau, et al. Cutinase; Bovine liver fatty acid F 

binding protein; Lipase-colipase-
phosphonate complex. Thrombin 
with a small inhibitor 

Evans, P. et al. Methylmalonyl-CoA mutase UK 
Johnson, L. et al. E.coli maltodextrin phospho- UK 

rylase and Suc1 p13 
Scheduled user experiments 

Stuart D. et al. Bovine-entero virus UK 
Moras D. et al. Threonyl-tRNA synthetase F 
Liljas L. et al. Small RNA bacteriophages S 
Serpell, L. et al. Amyloid fibres UK 
Bolognesi et al. Flavoenzyme D-amino-acid I 

oxidase 
Michel, H. et al. Membrane proteins DE 
Mc Laughlin et al. Human gelsolin UK 
Hasnain, et al. Azurin UK 
Dodson, G. et al. Carbohydrate binding proteins UK 
Krauss, et al. Photosystem 1 DE 
Andersson, I. et al. Rubisco S 
Szardenings, et al. Bacterial DNA-helicase (RepA) DE 

TABLE 5 

Experiments performed by external user groups on the protein 
crystallography end-station of BL4. Commissioning experiments 
were done during June and July 1994 and scheduled experiments 
during September-December 1994. 

Publications during the year 

Baudin, F., Bach, C., Cusack, S. & Ruigrok, R.w.H. (1994). 
Structure of influenza virus RNP. I. Influenza nucleoprotein 
melts secondary structure in panhandle RNA and exposes 
the bases to the solvent. EMBO J., 13, 3158-3165 

Belrhali, H., Yaremchuk, A.D., Tukalo, M.A., Larsen, K., 
Berthet-Colominas, C., Leberman, R., Beijer, B., Sproat, B., 
Als-Nielsen, J., GrObel, G., Legrand, J.-F., Lehmann, M. 
& Cusack, S. (1994). Crystal structures at 2.5 A resolution 
of seryl-tRNA synthetase complexed with two analogues of 
seryl-adenylate. Science, 263, 1432-1436 

Biou, V., Yaremchuk, A., Tukalo, MA & Cusack, S. (1994). 
The 2.9 A crystal structure of T.thermophlius seryl-tRNA 
synthetase complexed with tRNNer. Science, 263, 1404-
1410 

Burmeister, W.P., Cusack, S. & Ruigrok, R.w.H. (1994). 
Calcium is needed for the thermostability of influenza B 
neuraminidase. J. Gen. Virol., 75, 381-388 

Carter, C.w., Jr., Doublie, S. & Coleman, D.E. (1994). 
Quantitative analysis of crystal growth: Tryptophanyl-tRNA 
synthetase and its relationship to catalysis. J. Mol. BioI., 238, 
346-365 

Cusack, S. (1994). Large-amplitude motions in biological 
systems. In Neutron and synchrotron radiation for con-
densed matter studies, Vol. III: Applications to soft con-
densed matter and biology: eds. Baruchel, J., Hodeau, J.L., 
Lehmann, M.S., Regnard, J.R. & Schlenker, C.; Springer-
Verlag, pp. 279-295 

Ding, X., Rasmussen, B.F., Petsko, GA & Ringer, D. 
(1994). Direct structural observation of an acyl-enzyme in-
teremediate in the hydolysis of an ester substrate by elas-
tase. Biochemistry, 33, 9285-9293 

Doublie, S., Xiang S., Gilmore C.J., Bricogne, G. & Carter, 
C.w., Jr. (1994). Overcoming non-isomorphism by phase 
permutation with likelihood scoring: Solution of the TrpRS 
crystal structure. Acta Cryst., A50, 164-182 

Elster, C., Forest, E., Baudin, F., Larsen, K., Cusack, S. 
& Ruigrok, R.w.H. (1994). A small percentage of influenza 
virus M1 protein conatins zinc but zinc does not influence in 
vitro M1-RNA interaction. J. Gen. Virol., 75, 37-42 

Mattos, C., Rasmussen, B.F., Ding, X., Petsko, G.A. & 
Ringe, D. (1994). Analogous inhibitors of elastase do not 
always bind analogously. Nat. Struct. BioI., 1, 55 

Nardi, F., Doster, W., Tidor, B., Karplus, M., Cusack, S. & 
Smith, J.C. (1994). Dynamics of tRNA: experimental neutron 
spectra compared with a normal mode analysis. Israel J. 
Chem., 34, 233-238 

Vuillard, L., Rabilloud, T., Leberman, R., Berthet-Colominas, 
C. & Cusack, S. (1994). A new additive for protein crystal-
lization. FEBS Lett., 353, 294-296 
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Bovia, F., Bui, N. & Strub, K. (1994). Nucl. Acid Res., 22, 
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Chen, J., Brevet, A., Lapadat-Tapolsky, M., Blanquet, S. & 
Plateau, P. (1994). J. Bacteriol., 176, 2699-2705 

Isel, C., Marquet, R., Keith, G., Ehresmann, C. & Ehres-
mann, B. (1993). J. BioI. Chern., 268, 25269-25272 

Litvak, S. eta!. (1994). T1BS .. 19, 114-118 

Onesti, S., Miller, A.D. & Brick, P. (1995). Structure, 3, 
163-176 

Plateau, P. & Blanquet, S. (1994). Adv. Microbial Physiol., 
36,81-109 

Ruff, M., Krishnaswamy, S., Boeglin, M., Poterszman, A., 
Mitschler, A., Podjarny, A., Rees, B., Thierry, J.C. & Moras, 
D. (1991). Science, 252,1682-1689 

Tamura, K., Himeno, H., Asahara, H., Hasehawa, T. & 
Shimizu, M. (1992). Nucl. Acids. Res., 20, 2335-2339 

Yaremchuk, A., Krikliviy, I.A., Cusack, S. & Tukalo, M.A. 
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Protein biosynthesis 

Group leader: R. Leberman 

Scientists: M. Hartlein, K.S. Larsen 

Fellows: F. Borel, L. Ferri, T. Kawashima, C. Taupin, L. Seignovert 

Assistants: M-T. Dauvergne, S. Price, C. Vincent 

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 the results of their 
structural analyses. 

tRNA identity (F. Borel & M. Hartlein) 

The affinity for tRNNer as measured by zone-interference 
electrophoresis is decreased by more than 3 orders of mag-
nitude for two mutants of seryl-tRNA synthetase, SerRS, 
in which all or a part of the N-terminal domain has been 
deleted. The differences in affinity between wild-type and 
mutant enzymes are more pronounced by these direct mea-
surements of dissociation constants than in the measure-
ment of the kinetic constant, K m. This might be due to differ-
ences in the environment during the aminoacylation reaction 
and zone-interference electrophoresis, or might reflect con-
formational changes in the enzyme during aminoacylation 
reaction, when the catalytic site is occupied by seryl-AMP, 
thereby increasing the affinity for the tRNA. These results 
are consistent with the structures of the SerRS:tRNA com-
plexes determined by X-ray crystallography for both the 
Escherichia coli and Thermus thermophilus systems. 

The truncated enzymes with strongly reduced Kcat values 
have lost their specificity for tRNAser and can aminoacylate 
type 1 tRNA(s). Wild-type SerRS aminoacylates only, pre-
sumably tRNNer, type 2 tRNAs, whereas the mutant with 
only the tip of the arm truncated (SerRS and the 
mutant with the totally truncated arm (SerRS can 
clearly mischarge type 1 tRNAs. The degree of mischarging 
was higher when SerRS was used for aminoa-
cylation, possibly indicating that in the partially truncated 
arm some identity elements are conserved. These results 
illustrate the importance of the N-terminal SerRS domain 
for both aminoacylation activity and tRNA recognition. 

Seryl-tRNA synthetase from yeast 
(F. Borel, M. Hartlein & R. Leberman 
with I. Weygand-Ourasevic (Zagreb) & 
0.S611 (New Haven, USA)) 

To avoid the difficulties we experienced with the specific ac-
tivity of yeast seryl-tRNA synthetase expressed in Ecoli we 
have, using a construct of Or. I. Weygand-Ourasevic, over-
expressed this enzyme in its natural context (S.cerevisiae). 
By a three step purification protocol we obtained small 
quantities of 80-85% pure protein. In this case specific 
activity of yeast SerRS is higher but is still below the 
values reported in the literature. Western blot experiments 
on the purified enzyme revealed two apparent populations 
of enzyme. Both of these have electrophoretic mobilities 
(on SOS-PAGE) higher i.e apparent lower relative molecular 
weight than that of yeast enzyme expressed in Ecoli. The 
two "species" of enzyme produced in yeast and the one 
purified from Ecoli have the same N-terminal sequence, 
therefore differences in electrophoretic mobility could be 
due to C-terminal degradation in yeast or differences in 
post-translational modifications. 

Regulation of seryl-tRNA synthetase expression in 
E.coli (L. Ferri & M. Hartlein) 

In bacteria, the expression of several aminoacyl-tRNA syn-
thetase genes is known to be subject to regulation (Lesti-
enne et al., 1984; Springer et al., 1985; Springer et al., 
1983; Ito et al., 1993; Miseta et al., 1991) in response 
to either cognate amino-acid deprivation or growth rate 
of the cell (metabolic regulation). Our approach to study 
the expression of Ecoli seryl-tRNA synthetase (SerRS) is 
the characterization of chromosomal temperature-sensitive 
mutants and revertants. We have characterized two serS 
mutants; K28 a mutant temperature-sensitive due to a defect 
in expression at non-permissive temperatures, KL283 a re-
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vertant of K28, which overexpresses the mutant synthetase 
(serO mutation). The genes were amplified by PCR and then 
cloned and sequenced. In both K28 and KL283 His-386 of 
motif 3 is replaced by a tyrosine. 

To elucidate the mechanisms which control the expression 
of serS, it is important to know how many promoters are 
present and where they were located. Northern blot exper-
iments have shown that there is only one promoter for the 
gene of SerRS. By primer extension we could identify the 
initiation site of the transcription and compare the leader 
mRNA of serS to that of thrS.mRNA. In our case the leader 
mRNA is shorter and we do not find any tRNA-like structure. 

To examine the mechanisms which regulate the SerRS 
expression, four mutants, obtained by site-directed muta-
genesis, have been studied: 

1. with codons 56-72 of serS containing a stem 
loop structure deleted. This overexpresses the SerRS 
but the mRNA level is the same as in the wild-type. 

2. 355 which contains a point mutation in the cod-
ing sequence far away from the translational initiation 
site. This mutation drastically reduces expression and 
specific activity, without affecting the mRNA level. If 
we put the mutant gene in a T7 promoter system there 
is a strong expression indicating that the expressed 
protein is stable but when under its own promoter this 
expression is reduced. Thus the leader region might be 
(co)responsible for this effect. 

3. 1-20b where the first 20 bases of the leader mRNA 
region are deleted. In this mutant the expression of 
SerRS is drastically reduced. 

4. 1-40b where the first 40 bases of the leader mRNA 
region are deleted. In this mutant the expression of 
SerRS is slightly increased. 

This led to the production of a repression-derepression 
model based on the following data: 

the most stable mRNA secondary structures have been 
predicted (M-FOLD; M. Zuker) and from this it appears 
that various mRNA conformations are possible. These 
conformations contain base-pairing in the regions con-
sidered in our model. 
in the serS coding region, the translational enhancer 
element (downstream box) already described for E.coli 
LysRS has been identified. 
the mutant overexpresses the SerRS. 

This model is based on different mRNA conformations which 
do or do not permit the interaction of the downstream box 
with the 16S rRNA. It has to be tested by site-directed 
mutagenesis and does not exclude a possible concomitant 
regulatory mechanism which involves a binding between the 
SerRS and its mRNA. 

Synthesis of dinucleoside oligophosphates 
by the E.coli Seryl-tRNA synthetase 
(K.S. Larsen & R. Leberman) 

Dinucleoside oligophosphates, ApnN, are unavoidable by-
products of the reactions of aminoacyl-tRNA synthetases. 
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The precise physiological role of the ApnN is not under-
stood. The overall reaction for the conversion of two ATP 
molecules to AP4A and PPi takes place with conservation 
of phosphate bounds and the reaction therefore proceeds 
to equilibrium rather than to completion. The equilibrium 
constant, Keq=[AP4A][PPil/[ATPf, was determined to be 
0.14 in 1 mM L-serine, 0.15 M KCI, 0.01 M MgCI2, pH 7.5 
and 3TC. Thus, the equilibrium lies in favor of the substrate 
ATP and removal of pyrophosphate by enzymatic hydrolysis 
with inorganic pyrophosphatase is necessary for complete 
consumption of the ATP. Under these conditions it was 
observed that the generated phosphate attacks a second 
seryl-adenylate to form ADP and that ADP subsequently re-
acts with a third seryl-adenylate to form a new dinucleotide, 
Ap3A. The enzyme can thus be directed to synthesize 
primarily ADP or Ap3A by the addition Pi or ADP in the initial 
reaction mixture. Addition of GTP, CTP and UTP result in 
the synthesis of the mixed dinucleoside tetraphosphates, 
Ap4G, AP4C, and Ap4U. While ATP is striclty required for 
the amino-acid activation there is hardly any base specificity 
in the second nucleoside binding sites. The SerRS deletion 
mutant was found to catalyse the synthesis of AP4A 
at a rate comparable to the wild-type enzyme and thus 
identify the globular domain as the site for both amino-acid 
activation and dinucleoside oligophosphates 

Divalent metal ions and L-serine are essential for the syn-
thesis of the dinucleoside oligophosphates by SerRS. Mg2+ 
is an essential activator for AP4A synthesis with aKA value 
of 4 mM. This is the same value measured for the adenylate 
formation and furthermore Mn2+ can substitute Mg2+ in both 
steps. This observation is noteworthy since the elucidation 
of the three-dimensional structures of the enzyme com-
plexed with seryl-adenylate and AP4A was performed with 
Mn2+. 

Studies of the effect of pyrophosphate on the amino-acid 
activation revealed that it has two binding modes; as a 
competivive inhibitor with respect to ATP and to convert 
seryl-adenylate to L-serine and ATP. Ki values of 0.09 jtM, 
0.28 jtM and 0.33 jtM PPi were measured at ATP con-
centrations of 0.1 jtM, 1.0 jtM and 10 jtM, respectively. 
These Ki values show that PPi is a potent inhibitor with 
the potential for not only regulating the activity of SerRS but 
also to prevent the enzyme from synthesizing dinucleotide 
oligophosphates when it is not desirable. 

Study of structure-function relationship in the 
E.coli seryl-tRNA synthetase by mutagenesis 
(S.Price, C.Vincent, M.Hartlein & R.Leberman) 

Crystallization of the deletion mutant of E.coli 
seryl-tRNA synthetase is now possible using potassium 
dihydrogen phosphate, pH7.5-8.2, both as precipitant and 
buffer. Initial problems with obtaining crystals of sufficient 
size for use in data collection on a regular basis were due 
to the unsuitability of the protein for long term storage at 
-70' C. Purification of the overexpressed protein has been 
improved and can now be performed in a one column 
step. Co-crystallization trials have included ATP analogues 
and the 5'-O-[N-(L-seryl)-sulphamoyl] adenylate analogue 
of seryl-AMP. With the latter, crystals were finally obtained 



but they did not appear to contain the complex. By soaking 
the crystals in a solution of seryl-AMP, however, crystals 
of the complex were obtained which diffracted to 2.8 A. 
Co-crystallization trials of the same mutant with AP4A have 
resulted in crystals which grow up to 1.2 mm in 34-44% 
saturated potassium hydrogen phosphate, pH 7.3-8.0 at 
enzyme subunitAp4A ratios of between 1:10 and 1 :50. 

Seryl-tRNA synthetase from Haloarcula marismortui 
(C. Taupin, M. Hartlein & R.Leberman) 

-The H.marismortui seryl-tRNA synthetase (SRSHM) has 
been purified in three chromatographic steps at high salt 
concentrations. The purified enzyme provided short pep-
tide sequences (determined by the Protein and Peptide 
Group, EMBL, Heidelberg): an N-terminal sequence of 17 
residues and 6 internal peptides corresponding to 56 amino-
acids. Using this peptidic sequence information oligonu-
clotide primers were designed which allowed amplification 
of a partial gene fragment (765 bp) of SRSHM by PCR. 
The derived amino-acid sequence of this fragment included 
all of motifs 1 and 2 and part of motif 3 of the Class II 
aminoacyl-tRNA synthetases, and can be related to other 
seryl-tRNA synthetase sequences: it is e.g. 64% homolo-
gous to the prokaryotic Ecoli enzyme. Compared to the 
other homologous enzymes, the halophilic protein sequence 
shows an insertion of nine residues rich in acidic amino-
acids between motifs 2 and 3 which could contribute to its 
halophilic character. 

Human seryl-tRNA synthetase (C. Vincent & M. Hartlein) 

Beside the medical aspects structure-function studies on 
human cytoplasmic seryl-tRNA synthetase could explain the 
differences in identity elements of tRNNer from bacterial or 
human cytoplasmic origin (Achsel & Gross, 1993): in both 
systems the long variable extra-arm and its orientation are 
important. Its length however is exactly 14 nucleotides for all 
eukaryotic cytoplasmic tRNAsser and varies from 16 to 21 for 
Ecoli tRNAsser. Another important difference is the acceptor 
stem recognition. In the human tRNA the presence of the 
discriminator base is sufficient whereas in Eco/i tRNAs the 
second base-pair and other positions in the acceptor stem 
are important. 

We have sequenced two different human brain cDNA clones 
containing partial overlapping serS sequences: HFBDN14 a 
fetal brain clone with an insert of 1787 bp (from J. Craig Ven-
ter, the Institute for Genomic Research, Gaitherburg, USA) 
and IB48 an infant brain clone with an insert of 1100 bp 
(from James Shikela, University of Colorado, Health Science 
Center, Denver, USA) and corrected the deposed partial 
Genbank entries T06028 (372 bp) and T03561 (380 bp) 
for sequencing (frame-shift) errors. Interestingly the fetal 
brain clone HFBDN14 contains an intron of 694 bp between 
codon 421 and 422. Introns are frequently found in brain 
cDNA clones. In both clones the 5' part of the serS coding 
sequence was missing. Therefore we amplified by PCR the 
5' part of the gene using a human brain 5' RACE ready 
cDNA library (Clontech, USA) with suitable oligonucleotides 

and sequenced it. The complete coding sequence of human 
serS is now available and can be assembled from the three 
clones for over-expression of the synthetase in a suitable 
expression system for structural studies. 

Asparaginyl- and valyl-tRNA synthetases from 
Thermus thermophilus (L. Seignovert, 
M-T. Dauvergne, M. Hartlein & R.Leberman) 

Using oligonucleotide probes based on the N-terminal se-
quence of the valyl-tRNA synthetase (determined by the 
Protein and Peptide Group, EMBL, Heidelberg) and a con-
served motif (DW.C.I.S.R) found in other valyl-RNA syn-
thetases, a 1 Kb gene fragment was obtained by PCR. 
That this was indeed a fragment of the gene was con-
firmed by the presence of a nucleotide sequence coding for 
the highly conserved Class I aminoacyl-tRNA synthetase 
H.I.G.H. motif region. Using the same N-terminal primer 
and that for an amino-acid sequence from a tryptic pep-
tide, a 2 Kb gene fragment was obtained. Based on the 
position of the tryptic peptide in homologous sequences this 
fragment should contain most of the valyl-tRNA synthetase 
gene. 

Samples of the purified asparginyl-tRNA synthetase were 
used to obtain some partial amino-acid sequences (de-
termined by the Protein and Peptide Group, EMBL, Hei-
delberg). From the sequence of 23 amino-acids from the 
N-terminus and four internal sequences of 15, 17, 21 
and 20 amino-acids suitable oligonuncleotide primers were 
designed considering the codon usage of Thermus ther-
mophilus. From 2 oligonucleotides amplification of the 5' 
part of the gene was obtained by PCR. This gave a 571 
base-pair fragment which was cloned into a suitable vector 
and sequenced. This fragment was used as a probe for 
Southern blotting of genomic DNA digested by various re-
striction enzymes. This probe gave a positive signal with a 
2.9 Kb BamH1 fragment. A mini-gene bank was constructed 
containing chromosomal DNA fragments of about 2.9 Kb 
generated by BamH1 digestion using pUC18 as a vector. 
Using the same 571 base-pair PCR fragment as a probe 
we identified a clone containing 85% of the asnS gene. 
Amino-acid sequence so far obtained shows 29% identity 
with the homolgous Ecoli enzyme. 

Asparaginyl-tRNA Synthetase from Brugia malayi 
(S. Price, M. Hartlein & R. Leberman with 
M. Kron & K. Marquard (East Lansing, USA)) 

In 1991 (Cusack et a/.) we discussed the possibility that 
there was a frameshift error in the published gene se-
quence of a vaccine antigen derived from the human fi-
larial nematode Brugia ma/ayi which, if corrected, would 
indicate, on the basis of class II aminoacyl-tRNA synthetase 
sequence motifs, that this protein is an asparaginyl-tRNA 
synthetase. The gene sequence has since been corrected 
by the group of Prof. M. Kron of Michigan State University 
and a collaborative project has been initiated to carry out 
a structural analysis of this antigen. In the first instance 
Prof. Kron's group have constructed an over-expression 
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system in E.coli for a fusion protein with maltose-binding 
protein. We then demonstrated that this protein was indeed 
an asparaginyl-tRNA synthetase by aminoacylation assays 
with tRNA from various sources. Although we found neg-
ligible aminoacylation with asparagine of E.coli tRNA the 
aminoacylation of yeast tRNA was significant and that of calf 
liver tRNA confirmatory. Since there existed the possibility 
that the antigen might be an aspartyl-tRNA synthetase, 
control aminoacylation assays with aspartic acid were per-
formed and were shown to be negative. 

Salting-Out (R. Leberman &-A. Soper, 
Rutherford Appleton Laboratory) 

The determination of the three-dimensional structure of 
biological macromolecules is still predominantly dependent 
on the production of suitable crystals for X-ray diffraction 
analysis. The majority of these crystals are produced by 
a process called salting-out which is the reduction of the 
solubility of the macromolecule in water by the addition of 
salts to high concentrations. The physical chemistry of this 
effect on solubility is not understood so we have undertaken 
a neutron diffraction study of the effect of high concen-
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Changes in the hydrogen-hydrogen pair correlation function: (a) 
for pure water for an applied density increase of 0.005 A 3 above 
ambient density (0.0334 molecules/ A 3; (b) between a 2m aqueous 
solution of sodium sulphate and a 4m solution of sodium chloride: 
and (d) between a 4m aqueous solution of sodium chloride and pure 
water. Quanlitatively the curves are strikingly similar. this suggests 
that the primary effect of the salts on water is equivalent to a 
significant density increase in the water around the component ions 
compared to pure water. Thus for sodium chloride, the change in 
the HH correlation is equivalent to an applied pressure on the pure 
solvent of approximately 4000 atmospheres, and change in the 
correlation function between ammonium sulphate and ammonium 
chloride is equivalent to a pressure difference between the two 
solutions of approximately 1,500 atmospheres. 
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trations of salts on water itself without the complication 
of the presence of a biological macromolecule. This study 
was performed on the SANDALS diffractometer at the ISIS 
facility of the Rutherford Appleton Laboratory on solutions of 
the chlorides and sulphates of sodium and ammonium. Mea-
surements were made of the HH structure factors for 4 molal 
solutions of the chlorides and 2 molal solutions of the sul-
phates; the ammonium salts and the sodium salts taken as 
pairs. 

The results of this study are summarized in Plate 124. 
Data for the individual ammonium salts are not shown since 
measurement of the HH structure factors in these cases is 
a composite function of HH correlations from water-water, 
water-ammonium and ammonium-ammonium. The 4 lower 
curves are qualitatively similar and indicate a disordering 
of the water structure in which orientational correlations 
between neighbouring molecules are broken down. This 
effect due to the high concentrations of the neutral salts 
is strikingly similar to that produced by the application of 
high pressures on water and e.g. the change in the HH cor-
relation produced by 4 molal sodium chloride is equivalent 
to that produced by 4 kilobar pressure on the pure solvent. 
If the effects of high concentrations of salts on water are 
similar, if not identical, to those to those produced by the 
application of high pressure then the question arises as 
to the possibility of crystallizing biological macromolecules 
by the latter procedure. At present there is only one report 
in the literature on the crystallization of a protein, glucose 
isomerase, by the application of high pressures (Visuri et 
al., 1990). 

Publications during the year 

Belrhali, H., Yaremchuk, A., Tukalo, M., Larsen, K., Berthet-
Colominas, C., Leberman, R., Beijer, B., Sproat, B., AI-
snielsen, J., Grubel, G., Legrand, J-F., Lehmann, M. & 
Cusack. S. (1994). Crystal structure at 2.5 A resolution 
of Seryl-tRNA synthetase complexed with two analogs of 
seryl-adenylate. Science, 263, 1432-1436 

Borel, F., Vincent, C., Leberman, R. & Hartlein, M (1994). 
Seryl-tRNA synthetase from Escherichia coli implication of 
its N-terminal domain in aminoacylation activity and speci-
ficity. Nucl. Acids Res., 22, 2963-2969 

Elster, C., Fourest, E., Baudin, F., Larsen, K., Cusack, S. 
& Ruigrok, R.w.H. (1994). A small percentage of influenza 
virus M1 protein contains zinc but zinc does not influence in 
vitro M1-RNA interaction. J. of Gen. Viral., 75, 37-42 
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C. & Cusack, S. (1994). A new additive for protein crystal-
lization. FEBS Lett., 353, 294-296 
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Virus structure 

Groupleader: R.W.H. Ruigrok 

Scientist: F. Baudin 

Fellows: L. Boque*, C. Elster, K. Klumpp 

Visitors: Y. Gaudin*, K. Ravanel* 

Assistant: A. Barge 

We study the structure of negative strand viruses and 
the processes involved in their replication. Negative strand 
viruses have a genome consisting of RNA with negative po-
larity (complementary to mRNA) which is encapsidated by a 
nucleoprotein (NP) and associated with an RNA dependent 
RNA polymerase (or polymerase complex). The nucleocap-
sid forms a complex with the M protein and this complex 
is surrounded by a lipid membrane. The glycoproteins are 
inserted into this lipid membrane and extend to the outside. 
These glycoproteins are either involved in cell entry, i.e. 
receptor recognition and membrane fusion, or necessary 
for release from the infected cell. We have worked on the 
influenza virus proteins forming the nucleocapsid and their 
interaction with the RNA, on the structure of the M proteins 
of influenza and vesicular stomatitis virus (VSV) and on the 
conformational changes in the rabies glycoprotein that occur 
during activation of the membrane fusion reaction. 

RNA binding proteins involved in influenza 
replication (with J. Ortfn (Madrid) & 
A. Portela (Madrid)) 

The proteins we have studied are the RNA-dependent RNA-
polymerase complex, the nucleoprotein (NP) and the non-
structural protein (NS1). Despite considerable efforts on the 
production of the polymerase subunits in various expression 
systems, we have not yet been able to produce enough 
protein for crystallisation trials. The production of NP is 
sufficiently high but here self-polymerisation interferes with 
crystallisation. NP isolated from virus, virtually free from 
viral RNA, self-polymerises into a variety of complexes, the 
largest being morphologically indistinguishable from intact 
RNP (the complex of RNA and NP). Apparently, the RNP 
morphology is entirely dictated by the protein even though, 
in RNP, each NP monomer is associated with some 20 
nucleotides. The NP expressed in E.coli also forms self-
polymers and this is likely to inhibit crystal formation. To 

252 

solve this problem we are now trying to modify the monomer 
so that self-polymerisation is inhibited. 

NS1 is produced in large quantities in the infected cell but 
is not incorporated into the virion. It inhibits transport of 
polyadenylated host messengers out of the nucleus, but 
not of viral mRNAs; it interferes with splicing and it also 
specifically overcomes a general block of translation for 
the viral mRNAs. We have cloned NS1 from the influenza 
A/PR/8/34 strain with an amino-terminal His-tag in E.coli 
under the regulation of a T7 promotor and have started 
testing the RNA binding activity using a filter binding assay. 
NS1 indeed binds to a variety of different RNA probes 
amongst which are polyA, U6, U4 and viral RNA oligori-
bonucleotides. Morphological characterization of NS1 with 
electron microscopy has sofar been unsuccessful due to the 
small size of the protein (26 kDa). 

M-protein of influenza and VSV (with Y. Gaudin 
(Gif-sur-Yvette), C. Ebel (Grenoble), J. Brunner 
(ZOrich) & J. Langowski (formerly EMBL Grenoble) 

The M-proteins of negative strand viruses play an essential 
role in the viral structures. Knowing the structure and activity 
of the M-proteins may be a key to understanding virus 
assembly. The influenza and VSV proteins are of similar 
size (27 kDa), there is some sequence homology between 
the two, both can bind to RNA and can inhibit in vitro tran-
scription by the nucleocapsid, and both proteins have been 
reported to bind to lipid membranes. However, in models 
of influenza virus structure, the M-protein forms a layer just 
inside the lipid membrane, whereas we think that, in VSV, 
M forms a central scaffold around which the nucleocapsid 
is wound (see Plate 125 and Research Report 1992). We 
have started careful analysis of the activity and behaviour 
of both M-proteins to substantiate the two structural mod-
els. 



PLATE 125 

Models for the structures of influenza virus and rhabdoviruses (VSV 
and rabies virus). 

-'<---"r---- M protein 

Influenza virus 

There are major differences between the morphologies of 
the M-proteins observed in electron microscopy. Although 
both proteins form self-polymers, the influenza protein 
seems to be globular with a diameter of 35 to 40 A, whereas 
the VSV protein seems to be very thin and long. Measure-
ment of the hydrodynamic radius gave a value of 39 A, which 
could correspond to a cylinder with a thickness of 15 A and 
a length of 190 A. This again would be in agreement with 
the observed S-value of 2.3 Svedberg. The thickness of the 
thin fibres observed in self-polymers of M and in the central 
scaffold found in virus are in agreement with a width of about 
15-20 A. We are now further characterizing the dimensions 
of VSV M with other biophysical techniques and determining 
the secondary structure content with CD. 

The lipid interaction of both M-proteins in intact virus was 
tested in the laboratory of Josef Brunner using photola-
belling with an extremely hydrophobic probe incorporated 
into the viral membrane. Preliminary data showed that only 
a very small fraction (if any) of the influenza M was labelled, 
suggesting that it is not a membrane integrated protein. 
The amount of label in VSV M was higher than that in in-
fluenza M, but much lower than in the VSV trans-membrane 
glycoprotein, in agreement with our model for VSV that M 
can only interact with the viral membrane at the extremities 
of the cylindrical scaffold. The fact that both M-proteins 
are poorly labelled agrees with the observation that both 
proteins, when extracted from virus with Triton X-114, are 
found in the hydrophylic phase. 

Concerning the RNA binding activity, we have sofar only 
studied the influenza M-protein. Using an agent for cross-
linking RNA and protein, we were able to show that M could 

Nucleocapsid 

Rhabdovirus 

bind to a large number of different sites on the viral RNA 
without apparent sequence specificity. Further, in a careful 
analysis of the transcription inhibition activity, full inhibition 
was only found when there were as many molecules of M on 
the RNA as there are NP molecules. These results point to 
a mass action of inhibition rather than binding to a specific 
site. Although it must be kept in mind that we are working 
under in vitro conditions, there does not seem to be any 
specificity of M protein for particular sites on the RNP. 

Fusogenic conformation of rabies virus glycoprotein 
(Collaboration with Y. Gaudin, CNRS, Gif sur Yvette, P. Dur-
rer & J. Brunner, ETH, ZOrich) 

In the 1992 Research Report we described the three con-
formational states of the rabies glycoprotein (G); the native 
state at neutral pH, the hydrophobic state which is observed 
directly after lowering the pH to 6.4 and the low-pH state 
which is observed after long incubation below pH 6.7. All 
conformational changes are reversible by pH adjustments 
and at each pH value there exists an equilibrium between 
the 3 forms. The hydrophobic state is thought to be an 
activated form of G and the low-pH state is inactive for 
fusion. We had previously assumed that the three conforma-
tions were part of a consecutive series of states reflecting 
the fusogenic activity. However, we now studied another 
strain of rabies virus that showed faster fusion kinetics than 
the previous strain, but with a much slower kinetics of the 
change from native to inactive, low-pH state. This probably 
means that the low-pH state is not related to the fusion 
process. We then performed immunofluorescence on rabies 
virus-infected cells using antibodies specific for the native 
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and for the inactive state. We found that inside the cell, 
G is in its low-pH state and only changes to its native 
conformation when it reaches the cell surface. We propose 
that the biological function of the low-pH state is to prevent 
fusion of cellular membranes during transport of G through 
the acidic compartments of the Golgi-complex. 

The interaction of G with a target membrane for fusion was 
studied using photolabelling with a radioactive probe. The 
native form could not be labelled but the hydrophobic state 
was found to be labelled at an internal peptide, i.e not at 
the amino-terminus like the iofluenza fusogenic protein. The 
exact position is now being refined. 

Publications during the year 

Baudin, F., Bach, C., Cusack, S. & Ruigrok, R.w.H. (1994). 
Structure of influenza virus RNP I Influenza virus nucleo-
protein melts secondary structure in panhandle RNA and 
exposes the bases to the solvent. EMBO J., 13, 3158-3165 
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neuraminidase. J. Gen. Viral., 75, 381-388 
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Diffraction instrumentation group 

Group leader: C. Wilkinson 

Scientists: A. Gabriel, S. MCSweeny*, B. Rasmussen*, A. Thompson 

Fellows: K. Brown, M. Chemloul* 

Assistants: J. Allibon*, F. Cipriani, L. Claustre*, F. Dauvergne, F. Felisaz 

Visitors: C. Boulin*, M. Carrondo*, A. Coelho*, F. D'Annunzio*, R. Fourme*, I. Frumkin*, D. Gazeau*, A. Gonzalez*, M. Lehmann*, P. Matias*, 
P. Oleinek*, P. Platz*, H. Stuhrmann*, H. Suruta*, O. Svensson*, J. Troska*, S. Wakatsuki*, S. Young*, T. Zemb* 

The diffraction instrumentation group supports the col-
laborative work of the outstation with the Institut Laue 
Langevin (ILL) and the European Synchrotron Research 
Facility (ESRF). Major projects presently being pursued at 
ESRF are the installation of a multi-wave-length anoma-
lous dispersion (MAD) beam-line (BL 19) for X-ray protein 
crystallography, a crystallographic endstation on the high 
flux beam-line BL4 and one of the protein crystallography 
endstations on BL20. Detectors for an atomic resolution 
quasi-Laue neutron diffractometer are being tested (with ILL) 
and improved mUlti-wire proportional counters and faster 
detection electronics for X-ray diffraction experiments are 
being developed. 

Multi-wave-Iength anomalous dispersion beam-line 
(BL19) at ESRF (A. Thompson, F. Felisaz, 
K. Brown, J. Allibon, L. Claustre & S. McSweeney) 

Installation of BL 19 commenced in June 1994 and the first 
beam was allowed into the hutch in October to check the 
integrity of the radiation shielding. The Zeiss beam-line 
mirrors have been delivered and will be tested in early 1995, 
while the construction of the rapid image plate changer will 
be completed in February 1995, in time for measurements 
with the first usable beam. A cryo-cooling system has been 
bought for the beam-line and facilities are being developed 
to enable visitors' samples to be stored cold after screening 
in their home laboratory and transport to ESRF. The first 
officially scheduled experiments are due to start on BL 19 
in October 1995, but test experiments will commence well 
before this. 

Macromolecular crystallography beam-line (BL20) 
at ESRF (S. McSweeney, F. Felisaz & L. Claustre) 

Beam-line 20 is to be situated on 1014 (a high .B-undulator) 
and consequently this beam-line will offer the advantages 
of high flux and extremely high brilliance. The beam-line 

will be ideal for the study of very large unit cells and very 
small crystals. The line will be a multi-user facility; two 
end-stations are planned in the first stage and a total of four 
will be available eventually. The design is based around the 
use of semi-transparent monochromators which will allow 
each endstation to independently sample a portion of the 
undulator spectrum. The beam-line hutches are scheduled 
for installation in late 1995, with beam-line construction 
beginning in early 1996. 

Experiments at ESRF (A. Thompson, L. Claustre, 
F. Felisaz, K. Brown & S. McSweeney) 

In collaboration with the outstation crystallography group 
and with scientists from ESRF, and several other labora-
tories, data have been collected on the Materials Science 
(BL2), TROIKA (BL9) and Optics (05) beam-lines. Data col-
lected on BL2 and 05 have enabled corrections to be made 
to better than 1 % to compensate for the decay of latent 
images on storage phosphor (image) plates. The methods 
of correcting for spatial distortion, detector uniformity and 
linearity which were previously used for image plate data 
are now being applied to an image intensifier/CCO detector 
system developed at ESRF. This detector has a read-out 
time of only 15 seconds, compared with 150 seconds for 
a typical image plate scanner. The quality of the corrected 
data recently collected using this system is very encourag-
ing and should lead to a significant increase in the data 
collection throughput of BL 19. 

When using a high brilliance source (ESRF) it is necessary 
to control exposure times, which can be very short, and to 
synchronize accurately the opening and closing of the beam 
shutter with the rotation of the crystal on the diffractometer. 
Software has been developed which is able to achieve this 
synchronization to rv10 ms, and it is anticipated this will 
be reduced to rv1 ms when a better crystal axis angular 
encoder has been obtained. 
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On TROIKA, in collaboration with the Instituto de Tecnolog-
ica Ouimica e Biolgica (ITOB, Oeiras, Portugal) the structure 
of a Yb derivative of cytochrome c3 has been investigated 
using the MAD technique. Further experiments using the 
Fe absorption edge are planned for early 1995 on BL 19. 
An exciting new technique (MAS C) where the anomalous 
scatterer is contained within the solvent in the protein crys-
tals which has been proposed by Roger Fourme of the 
Universite de Paris Sud has also been tried on TROIKA. 
Crystals of a membrane protein from Neisseria meningitidis 
were examined, but unfortunately severe radiation damage 
limited the quality of the data obtained. The cryo-protection 
conditions for these samples have now been mastered, and 
the experiment is due to be repeated. 

Multi-wire proportional counters (MWPC) 
(A. Gabriel, F. Dauvergne & C. Wilkinson) 

The main effort has continued to be the development of X-
ray detectors for synchrotron radiation, based upon a delay 
line read-out (DLRO) system which has become, after sev-
eral years of work, a powerful tool for data acquisition. These 
detectors have been used in four types of experiment at 
ESRF; elastic diffuse scattering for micro-diffraction, small-
angle scattering, coherent X-ray scattering and diffraction 
experiments at high energies. Work with teams at HASYLAB 
and LURE also continues. 

Neutron two-dimensional detectors of a similar design have 
been constructed and tested. Plate 126 shows the time 
(wave-length) dimension of a spectrum from a single crystal 
specimen measured at ISIS, the neutron spallation source 
at the Rutherford Appleton Laboratory (RAL). The spatial 
resolution of the detector was found to be ",1 mm for 1 A 
neutrons. 
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Diffraction diagram from a single crystal of CaF2 recorded in one 
cell of a 2D MWPC at ISIS, the pulsed neutron source at the 
Rutherford Appleton Laboratory, UK. The sharp reflections visible 
along the time axis correspond to succesive orders of the same 
Bragg reflection. 
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A collaboration with the Weizman Institute of Science (WIS) 
and Technion, Israel to construct a parallax-free MWPC 
based on a thin X-ray scintillator was started during the 
year. The detector, which is 200 mm in diameter and has 
a DLRO system, is designed to cope with the brightness 
of synchrotron radiation sources, have a uniform response 
and submillimeter spatial resolution, making it a promising 
prospect for use in protein crystallography. Tests done using 
a rotating anode generator at EMBL to measure diffraction 
patterns from a crystal of seryl-tRNA synthetase from Ther-
mus thermophilus (Plate 127) show that the intrinsic detec-
tor noise is very low, but that the relatively poor efficiency 
of 5% needs to be improved. 

Quasi neutron Laue diffractometer (F. Cipriani, 
J.C. Castagna, M.S. Lehmann, P. Oleinek & C. Wilkinson) 

A quasi-Laue diffractometer using neutron-sensitive image 
plates has been constructed (Plate 128) and used at 
Ris0 National Laboratory to collect monochromatic neutron 
diffraction data at 3.3 A wave-length from a crystal of triclinic 
lysozyme. 

The image formed by neutron Bragg reflections from the 
crystal which was oscillated on the drum axis was recorded 
on four image plates glued on the exterior of the cylinder. 
After exposure the drum was rotated about a horizontal 
axis and the storage phosphor stimulated by a 14 mW 
He-Ne laser. The horizontal movement of the read head 
which collects the photo-stimulated blue light is coupled 
electronically to the rotational motion of the drum and the 
image was scanned in 250 Jlmx250 Jlm pixels. There was 
a high gamma ray background in the region in which the 
experiment was performed, and the instrument had to be 
carefully shielded with lead to prevent the image plates from 
fogging. A 6 0 oscillation diagram which contained 80% of 
the predicted neutron reflections for this range is shown in 
Plate 129. 

The diffractometer will be installed in a low-gamma envi-
ronment at the end of a cold neutron guide at ILL in early 
1995. 

Large X-ray image plate reader 
(F. Cipriani, J.C. Castagna, K. Brown, 
L. Claustre, S. Young & C. Wilkinson) 

An off-line X-ray image plate reader based on the de-
sign of the neutron diffractometer descibed above is being 
constructed in collaboration with ESRF. The image plates, 
which are flexible and can be exposed in flat, convex or 
other geometry on the X-ray diffractometer (e.g. on BL20) 
are transferred to the outside of the drum, where they are 
held in place by vacuum. The reader, which is designed to 
accept plates of up to 860x400 mm has a read time of 
5 minutes and a pixel size of 100 Jlm x 1 00 Jlm, giving 35 
Mpixels of data in each image. The results of preliminary 
tests using the neutron diffractometer to read X-ray image 
plates have shown that the required design characteristics 
are being achieved. 



PLATE 127 

Portion of the diffraction pattern obtained from a crystal of seryl-
tRNA synthetase from Thermus thermophilus recorded using a 

rotating anode generator and a thin X-ray scintillator in a MWPC 
detector. 

1-lmage plate 
2-Drum 
3-Sample holder 
4-Crystal 
5-Transmission belt 
6-PM-carrier motor 

7-Laser 
8-Mirrors 
9-PM 
10-Encoder 
11-Cover 

PLATE 128 

Layout of the on-
line Laue diffracto-
meter which uses 
neutron 
image 
record 
patterns. 

sensitive 
plates to 
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PLATE 129 

Neutron oscillation diagram of a large single crystal of triclinic 
lysozyme taken with 3.3 A neutrons at Ris0 National Labora-
tory. The four quadrants are neutron-sensitive image plates, each 
200 x 200 mm, with the main beam passing through the centre of 

29= 

circumference 

cyl inder axis 

An X-ray diffraction pattern from a crystal of tetragonal 
lysozyme taken on a rotating anode generator and mea-
sured on the reader showed reflections with a full width at 
half height of rv300 f..tm, very similar to those obtained when 
the same pattern was measured with a MAR diffractometer. 

A fast digital converter (TOe) for PSOs (M. Chemloul) 

A time to digital converter suitable for use with gas-filled 
position sensitive detectors with delay line read-out has 
been developed. The circuit has a dynamic range of 16 bits 
and is housed in a single width NIM unit and is based on 
a time interpolation method with a built-in master oscillator 
of 200 MHz. A resolution of 80ps has been achieved at a 
rate of 3 MHz with a differential non-linearity of less than 
±1.5%. The unit has been used in conjunction with a linear 
proportional counter detector in an anomalous disperson 
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the diagram. The oscillation range was 6 0
, and the exposure time 

six hours. Data at the highest Bragg angles correspond to data with 
3 A d spacing. 

small-angle scattering X-ray diffraction experiment at the 
ESRF. An example of one of the spectra obtained is shown 
in Plate 130. 

Publications during the year 
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Campbell, J.w., Deacon, A., Habash, J., Helliwell, J.R., 
McSweeney, S., Quan, H., Raftery, J. & Snell, E. (1994). 
Electron density maps of lysozyme calculated using syn-
chrotron Laue data comprising singles and deconvoluted 
multiples. Bull. of Materials Science, 17, 1-18 



PLATE 130 

Small-angle X-ray scattering pattern form a sample of collagen, 
showing successive orders from Bragg planes with a 650 A d 
spacing , collected using a linear MWPC and the fast new TDC. 
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