


Front Cover: Protein traffic in an animal cell 

Arrows depict major transport pathways of protein from the cyto-
plasm to various compartments in the cell. Protein is targeted to the 
nucleus, mitochondria and the endoplasmic reticulum (ER) which 
is the entry site into the secretory pathway. Protein can be taken 

up from the outside of the cell by endocytosis. One of the major 
aims in the Cell Biology Programme is to understand the molecular 
mechanisms of intracellular protein targeting and sorting. 
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Cell Biology Programme 

Introduction 

The main challenge in contemporary cell biology is to un-
derstand the basic mechanisms for generating and main-
taining cellular organization. This is the challenge that the 
Cell Biology Programme has 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 four areas 
on which we are presently concentrating are membrane 
trafficking, microtubular 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. Several such assays have been developed 
by different groups in the Programme during recent years. 
The main emphasis in the coming years will be to identify 
the components of the machinery responsible for membrane 
trafficking, microtubule' function and cell cycle regulation. 
These processes are being studied in different experimental 
systems with a combination of morphological, biochemical, 
and genetic methods. New molecules have been identified 
at the EMBL as well as in other laboratories. However, 

this work is just beginning to produce results. Most of the 
excitement is still ahead of us. 

The studies in the Programme on the cell nucleus have so 
far concentrated on the yeast Saccharomyces cerevisiae 
and have led to the identification of novel proteins involved in 
regulating nuclear structure and function. Spyros Georgatos 
will join the Programme in January 1990. He will study 
how the nuclear lamina regulates chromatin function. Keith 
Stanley left the Programme during 1989. We are grateful to 
him for his significant contribution in advancing expression 
cloning as a tool in cell biology. 

As during previous years, several advanced courses were 
organized by the Programme during 1989. These included: 

Antibodies in cell biology, T. Kreis, B. Burke & J. De 
Mey 
Cryo-section immunolabelling and quantitation, G. Grif-
fiths 
Advanced fluorescence microscopy, E. Stelzer & J. De 
Mey 
Expression of DNA sequences coding for secretory and 
membrane proteins in E.coli and in cell-free systems, 
B. Dobberstein & H. Bujard 
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The generation and maintenance of surface polarity in epithelial cells 

Group leader: K. Simons 

Scientist: M. Zerial 

Fellows: R. Bacallao*, M. Bennen*, A. Brandli, P. Chavrier, C. Doni, M. Lehnert*, K. Prydz*, A. Wandinger-Ness* 

Visitors: T. Graeffe*, T. Kurzchalia*, I. Mather* 

Assistants: R. Jelinek, H. Virta 

The simple epithelia, lining the body cavities, form cellu-
lar sheets between the external and internal environment. 
To perform their boundary function, epithelial cells have 
evolved a very specialized cellular architecture. The plasma 
membrane of each epithelial cell is divided into two domains 
with distinct protein and lipid compositions. An apical domain 
confronts the outside world and a basolateral domain is 
surrounded by the body fluids and promotes attachment 
to the extracellular matrix. The two domains are separated 
by circumferential tight junctions which form an occluding 
barrier between neighbouring cells and simultaneously pre-
vent intermixing of the apical and basolateral membrane 
components of each cell. This unique cellular organization 
enables epithelia to carry out their specialized vectorial 
functions in secretion, absorption and ion transport. 

The mechanisms whereby epithelial cell polarity is gen-
erated and maintained are of fundamental interest in cell 
biology and are the focus of the research in our group. 
We are using the Madin-Oarby canine kidney (MOCK) cell 
system as our experimental model. Using cells, grown on 
permeable supports, an epithelial sheet is obtained that 
closely mimics the organization seen in vivo. Protein sorting 
is studied using the envelope glycoproteins of influenza and 
vesicular stomatitis virus (VSV) as model apical and baso-
lateral membrane proteins. Lipid sorting to the cell surface 
is followed by using fluorescently labelled lipid markers. 

Biosynthetic sorting in the trans-Golgi network 
(M. Bennett, T. Kurzchalia, M. Lehnert and 
A. Wandinger-Ness) 

Our working model for the constitutive delivery of membrane 
and secretory proteins to the apical and basolateral domains 
in simple epithelia (such as MOCK cells) consists of two 
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pathways from the trans-Golgi network (TGN). A third route 
for the transport of lysosomal proteins from the TGN also ex-
ists. In this model, two of the pathways are signal-mediated, 
i.e. the lysosomal and the apical. The pathway to the baso-
lateral side is assumed to represent the default pathway. Un-
derstanding the molecular machinery involved in sorting and 
transport of plasma membrane components in MOCK cells 
requires the development of experimental systems to study 
the process in vitro. We have previously shown that it is pos-
sible to perforate the apical membrane of filter-grown MOCK 
cells in such a way that the apical and the basolateral carrier 
vesicles are released in an ATP-stimulated fashion from the 
cells into the medium. These membrane vesicles have now 
been isolated by the use of density gradient centrifugation 
and immunoisolation. The apical vesicles were purified from 
influenza virus-infected cells and the basolateral vesicles 
from VSV-infected cells. Under these conditions, only newly 
synthesized viral glycoproteins traverse the apical and the 
basolateral pathways because host proteins are no longer 
synthesized. Antibodies against the cytoplasmic domains of 
the influenza haemagglutinin and the VSV glycoprotein were 
used for the immunoisolation. Characterization of the vesi-
cles revealed that the protein compositions of the two pop-
ulations were different. Precise analysis by two-dimensional 
gel electrophoresis showed that the apical and the basolat-
eral vesicles also contained common proteins. These might 
be part of the common machinery required to form vesicles 
and to fuse them with their target membranes. The proteins 
specific for the apical and the basolateral vesicles are candi-
dates for sorting proteins, microtubule-binding proteins and 
specific docking to the surface domains. One such apical 
candidate has been identified by photo-sensitized labelling 
with 5-iodonaphtylazide (Raviv et al., 1987). The vesicles 
were re-Iabelled with the fluorescent sphingolipid precursor, 
N-6[7-nitro-2,1,3-benzoxy diazol-4-yIJ amino caproyl sphin-
gosine (C6-NBO-ceramide). Upon excitation of the NBO 



group at 480 nm [1 1251iodonaphtylazide selectively labelled a 
subset of the integral proteins in the apical and the basolat-
eral carrier vesicles. One of these was specific for the apical 
vesicles. We have previously shown that sphingolipids are 
preferentially sorted into the apical pathway from the TGN. 
We are now trying to characterize this interesting protein to 
see whether or not it could be involved in glycosphingolipid 
sorting. 

Endocytotis and transcytosis in MOCK cells 
(A. Brandli and K. Prydz) 

Epithelial cells continuously endocytose their apical and 
basolateral membranes. Four different pathways have been 
described for the internalized membrane components. Most 
of the membrane must be recycled back from early endo-
somes to the cell surface to replace the membrane lost. One 
fraction is transported further along the endocytic pathway, 
terminating in the Iysosomes. Another fraction is delivered 
to the TGN where the biosynthetic and endocytic transport 
pathways meet. A fourth pathway involves membrane traf-
fic across the cell connecting the apical and basolateral 
membranes by transcytosis in both directions. We have 
previously shown that, in the filter-grown MDCK cells, the 
apical and the basolateral endocytic circuits are organized 
in such a way that endocytosis from the two surface domains 
occurs into distinct sets of apical and basolateral early en-
dosomes, underlying the respective surface domain. These 
early endosomes have been shown to be responsible for 
the bulk of membrane recycling at each surface domain as 
well as for transcytosis. No mixing of endocytic markers, 
applied simultaneously on both sides of the MDCK cell layer, 
is observed in the early endosomes. The apical and the 
basolateral pathways meet first in the next station on the 
endocytic pathway which is the perinuclear late endosomes. 
From this common compartment, endocytic markers are 
delivered to Iysosomes, situated in the apical half of the 
cell. 

We have now analyzed the surface polarity of both the 
cation-independent (CI-MPR) and the cation-dependent 
(CD-MPR) man nose 6-phosphate receptors in the MDCK 
cells, grown on polycarbonate filters. These receptors are 
involved in the sorting of newly synthesized lysosomal en-
zymes. The surface localization was studied by domain-
specific surface labelling using confocal microscopy and 
specific antibodies. The CI-MPR was shown to be exclu-
sively basolateral. The CD-MPR was not detectable apically 
or basolaterally although it was observed intracellularly. The 
basolateral CI-MPR was shown to recycle between the 
trans-Golgi network and the basolateral plasma membrane. 
Furthermore, the basolateral CI-MPR was shown to be 
functional. Lysosomal enzymes, containing the man nose 
6-phosphate recognition marker, were taken up from the 
basolateral medium and endocytosed into the cells. No 
specific uptake was seen from the apical side. These results 
are in agreement with previous immunoelectron microscopic 
studies on the intracellular polarity of the CI-MPR (Parton et 
at., 1989) which showed that the CI-MPR was present in 
the basolateral early endosomes and in later endosomes, 
but not in apical early endosomes. 

We have also designed a novel biochemical assay to moni-
tor apical-to-basolateral transcytosis and to identify transcy-
tosing glycoproteins in MDCK cells. Cell surface glycopro-
teins of a mutant MDCK cell-line, MDCKII-RCAr, can be 
efficiently labelled with [3Hlgalactose by exogalactosylation. 
Filter-grown MDCKII-RCAr cells were used for selective 
labelling of apical glycoproteins by exogalactosylation at 
4°C. Subsequently, the cells were incubated at 37°C to 
allow internalization of labelled glycoproteins. Basolateral 
delivery of [3Hlgalactose-labelled glycoproteins was de-
tected by selective biotinylation of the basolateral mem-
brane. Detergent-solubilized glycoproteins derivatized with 
biotin were adsorbed onto streptavidin-agarose and sepa-
rated by SDS-PAGE. A subset of seven apical glycoproteins 
were transported selectively to the basolateral membrane 
as revealed by two-dimensional gel analysis. Two of these 
transcytosing proteins are precipitated by a monoclonal 
antibody directed against an apical glycoprotein of MDCK 
cells (Balcarova-Stander et at., 1984). The half-times for 
transcytosis ranged from 1 to 2 h. Depolymerization of 
microtubules using nocodazole delayed, but did not inhibit, 
basolateral delivery. The same method has also been used 
to study transcytosis in the reverse direction, basolateral 
to apical. Also in this direction, a subset of transcytosing 
proteins could be identified. The biotinylation protocol has 
been applied successfully to follow transcytosis by electron 
microscopy (see report by the Griffiths group). 

A family of Ras-like GTP-binding proteins in 
MOCK cells (P. Chavrier, I. Mather and M. Zerial) 

Recent studies in the yeast Sacharomyces cerevisiae have 
identified a family of GTP-binding proteins with sequence 
homology to the ras oncogene, and these have been found 
to be involved in yeast membrane traffic. They have been 
postulated to function as switches to ensure that the fu-
sion of membrane vesicles occurs in a unidirectional fash-
ion. Using an approach similar to that of Touchot et at. 
(1987), we have cloned and sequenced 11 cDNAs from 
an MDCK cDNA library. Among these two were closely 
related to p, three were almost identical with rab 1, 2, 
and 5 previously identified by Tavitlan's group, one was 
homologous to rab 4, and the remaining five GTP-binding 
proteins were new members of this group. Antibodies have 
been prepared both against specific fusion proteins ex-
pressed in E.coti and against synthetic peptides derived 
from the carboxyterminal part of these proteins. Three of 
the GTP-binding proteins have been localized in the cell 
by a combination of immunofluorescence microscopy and 
immunoelectron microscopy (in collaboration with Robert 
Parton in G. Griffiths' group). The rab 2 protein is mainly 
in a compartment between the endoplasmic reticulum (ER) 
and the Golgi complex. It may correspond to the salvage 
compartment postulated to function in the retrieval of soluble 
ER proteins with KDEL C-terminus. The rab 5 protein was 
localized in the early endosomes and in the plasma mem-
brane whereas a third previously not described GTP-binding 
protein was found mainly in the late endosomes. These 
studies are continuing and one future aim is to identify 
those GTP-binding proteins that are involved in apical and 
basolateral exocytosis. 
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Identification of genes required for generating 
and maintaining epithelial organization 
(P. Chavrier and M. Zerial) 

We have started a new project to identify genes necessary 
for generating and maintaining epithelial organization. Our 
working hypothesis is that the molecular machinery respon-
sible for epithelial polarity is common to most epithelial cell 
types. The experimental model that we are using is the 
mouse metanephric mesenchyme. This long-term project is 
being carried out in collaboration with Dr. Eero Lehtonen 
and Prof. Lauri Saxen (Department of Pathology, Helsinki). 
The mesenchymal blastema can be dissected from 11 day 
mouse embryos and induced in vitro to differentiate into 
kidney epithelial cells. We will make a cDNA library from 
the epithelial stage and perform a differential screening 
with DNA probes from both the uninduced metanephric 
mesenchyme and from the 42 hr epithelial stage. Those 
genes that are switched on after induction will be tested 
for expression in two mouse epithelial cell-lines, and the 
subset specific for epithelial cells will be further charac-
terized. We aim first to identify the GTP-binding proteins 
that are specific for epithelial cells and then to study their 
function. 

Sorting of viral surface glycoproteins in 
neuronal cells (C. Dotti) 

Neuronal cells are especially interesting cells for studying 
polarized membrane traffic. These cells have long sur-
face processes, axons and dendrites which form synapses 
in the nervous system. Almost nothing is known about 
how the axonal and the dendritic proteins are sorted to 
their destinations. Could it be that epithelial and neu-
ronal cells use similar sorting mechanisms in their trans-
Golgi networks to generate two carrier vesicle popula-
tions? 

Primary cultures of foetal rat hippocampal neurons (Dotti et 
al., 1988) have been used to study this question. These 
cells undergo a sequence of developmental events after 
plating. First, several short processes are formed, and 
one of these begins to grow rapidly to form the axon. 
Subsequently, the remaining processes start to elongate 
in order to become the cell's dendrites. Finally, the ax-
ons form synapses with the dendrites and the cell bodies 
of other neuronal cells in the culture. When these neu-
ronal cultures are infected with influenza virus and with 
VSV before synapses have been formed, the haemag-
glutinin and the VSV glycoprotein are delivered to all 
processes of the cell, including the axon. However, af-
ter synapses have been formed, the situation has radi-
cally changed. The delivery of the newly synthesized in-
fluenza haemagglutinin (apical in MOCK cells) is trans-
ported mainly to the axon whereas the delivery of VSV 
glycoproteins (basolateral) is strictly somato-dendritic. The 
use of the viral glycoproteins as tools will now greatly 
facilitate the study of membrane traffic in these neuronal 
cultures. A most exciting prospect is that the analysis 
of epithelial polarity will also illuminate neuronal polar-
ity. 
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Signals and receptors involved In protein localization In the cell 

Group leader: B. Dobberstein 

Fellows: O. Bakke, S. High, J. Upp*, H. LOtcke*, J. Pieters*, K. Romisch 

Visitors: H. LOtcke*, S. Prehn* 

Assistants: N. Flint*, A. Giner*, A. Ashford* 

Secretory and membrane proteins are translocated across 
or inserted into the membrane of the endoplasmic reticulum 
(ER) in eukaryotic cells. This process is mediated by a 
signal sequence, is GTP dependent and involves several 
components, among them signal recognition particle (SRP), 
docking protein (DP) or SRP-receptor and signal sequence 
receptor (SSR) (for review see Walter & Lingappa, 1986). 
Proteins then have to be transported from the ER to var-
ious destinations inside or outside the cell. Our group is 
interested in (1) a structural and functional characterization 
of SRP, (2) identification of signals that mediate protein 
insertion into the membrane and (3) the identification of sig-
nals and receptors for sorting of newly synthesized proteins 
along the secretory or endocytic pathway. 

Structural and functional analysis of components 
of the signal recognition particle (SRP) 

In mammalian cells secretory and most membrane proteins 
are targeted to the membrane of the ER during their syn-
thesis. This process is mediated by SRP which interacts 
with the signal sequence of nascent proteins and arrests or 
retards their further elongation. This arrest is released when 
SRP interacts with the DP in the ER membrane. 

SRP is a ribonucleoprotein particle consisting of six different 
polypeptides of 72, 68, 54, 19, 14 and 9 kDa and a 7S 
RNA (SRP7S RNA). Reconstitution and cross-linking stud-
ies have revealed that SRP can structurally and functionally 
be divided into at least three distinct domains. The 5' and 3' 
Alu-Iike RNA segments together with the SRP9/14 proteins 
are required for the SRP mediated arrest of polypeptide 
chain elongation; the SRP54 protein makes contact to the 
signal sequence and the SRP68/72 proteins are important 
for the interaction with the ER membrane (for review see 
Siegel & Walter, 1988). DP consists of a cytoplasmically 
exposed 72 kDa a subunit (DPa) and a 30 kDa membrane 

integrated f3 subunit. To characterize the molecular inter-
actions between signal sequence, SRP and DP we have 
cloned and characterized cDNAs coding for SRP proteins. 

SRP54 

cDNA clones coding for SRP54 protein have been iso-
lated from a Madin-Darby canine kidney (MDCK) library 
and characterized by sequence analysis. The deduced pro-
tein sequence revealed that SRP54 comprises 506 amino-
acid residues. It can be divided into three distinct regions, 
a central region (amino-acids 100-300) which contains 
three highly conserved consensus elements indicative for 
guanine-nucleotide binding sites (G), an N-terminal region 
(aa 1-100) (N) and a C-terminal methionine-rich region (M) 
(Plate 1). Known GTP-binding proteins (Ras, EF-Tu and 
EF-G) constitute a family of proteins that use GTP hydrolysis 
to drive the sequential binding of biological molecules to 
a series of reaction partners. We have suggested that the 
G-domain of SRP54 is involved in the selection and bind-
ing of signal sequences. The M-domain is necessary and 
sufficient for the binding of SRP54 to the particle. This was 
deduced from reconstitution experiments using deletions of 
the SRP54 protein, SRP19 and 7S RNA (Romisch et aI., in 
preparation) . 

When the SRP54 sequence was compared with sequences 
from data libraries we found striking similarities to three 
proteins: over its entire length SRP54 is similar to an Ecoli 
48 kDa protein (P48) of unknown function (Bystrom et al., 
1983). The extensive homology indicates that P48 might be 
the Ecoli homologue of the SRP54 protein. The sequences 
of the N- and the G-domains of SRP54 were found to be 
highly similar to the C-terminal sequences of DPa and of 
the FTS Y, an Ecoli protein of unknown function (Gill et al., 
1986). The homologous G-domains in SRP54 and in DPa 
might point to a similar function of these two domains. 
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PLATE 1 

(A) Linear outline of the 54 kDa protein of SAP (SAP54) and 
docking protein (DP). Three domains can be distinguished in 
SAP54, N: (amino-acid 1-100), G: putative GTP-binding domain, 
M: methionine-rich domain. The Nand G domains.are homologous 
to the C-terminal region of DPa. 

A SRP54 
t 

N 

(B) Model outlining the interactions between SAP54, SAP19 and 
7S ANA in SAP and of DPa with DPj3 in the membrane of the ER. 
The elastase cleavage site in DPa is indicated by an arrow. 

M 

DPa. 1;,;;;,;,;,;,;,;,1-;;;,;,;,;,;,;,;,;,;,;;;,;,;,;;;,;,;;;.;.;.;.;;;;;.;. ___ 111111111!_ 

B 
SRP54 

membrane 

A possible SRP homologue in E.coll 
(Collaboration with V. Ribes & D. Tollervey, EMBL) 

SRP 

A structural homology between part of SRP7S RNA and 
E.coli 4.5S RNA has previously been observed (Poritz et 
al., 1988). The region of homology includes the binding site 
of the SRP19/SRP54. to the 7S RNA. Given the homology 
between the E.coli P48 and SRP54 we tested binding of 
SRP19, SRP54 and of P48 to 4.5S RNA. Surprisingly we 
found that the SRP54 and the P48 bind specifically to E.coli 
4.5S RNA and that the SRP19 is not required for this 
binding. We conclude that SRP54 and P48 are RNA binding 
proteins and that the binding of SRP19 to the SRP7S RNA 
makes a protein binding site on the RNA available. 

When attempting to over-express SRP54 or P48 in E.coli 
we observed a growth retardation, a change to an elon-
gated morphology and an accumulation of pre-j3-lactamase. 
We conclude from these results and from results obtained 
by Veronique Ribes and David Tollervey (see report by 
Tollervey) that E.coli 4.5S RNA and P48 form an RNP 
particle (4.5S RNP) that is the structural and functional 
homologue of part of SRP. E.coli 4.5S RNP lacks a region 
homologous to the translation arrest domain in SRP. We 
propose that 4.5S RNP interacts on the ribosome with the 
signal sequence of some secretory proteins, keeps the 
signal sequence available for membrane interaction and 
guarantees that a completed precursor protein is released 
in a translocation competent conformation with the signal 
sequence exposed (Ribes, V., R6misch, K., Fournier, M., 
Giner, A., Dobberstein, B. & Tollervey, D., in preparation) 
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SRP68 (Collaboration with J. Herz & K. Stanley, EMBL) 

It has been suggested that SRP68 and SRP72 proteins 
playa role in the interaction of the SRP-arrested ribosomal 
complex with the ER membrane (Siegel & Walter, 1988). 
To elucidate the molecular structures involved in this in-
teraction, we have cloned cDNAs coding for the SRP68. 
From the sequence of the cDNA we deduce that the SRP68 
is a basic protein with 622 amino-acid residues. It has a 
glycine-rich region close to the N-terminus that is also found 
in some other RNA-binding proteins. SRP68 does not alone 
bind to SRP7S RNA. No striking homology to other known 
proteins was found (Herz, J., Flint, N., Frank, R., Stanley, 
K. & Dobberstein, B., in preparation). 

Signals that determine protein insertion into 
the ER membrane 

A signal sequence can be cleaved, as in the case of most 
secretory proteins, or remain uncleaved. Uncleaved signal 
sequences can mediate membrane targeting, insertion and 
anchoring. They are therefore also called signal-anchor (SA) 
sequences. There are two types of SA-sequences; those 
mediating the translocation of the N- and those mediating 
the translocation of the C-terminus of a protein. The mech-
anism for N- or C-terminal translocation is still unknown. 
Using mutated secretory and membrane proteins, we inves-
tigated the structural requirements for insertion of SA-type 
proteins into the ER membrane. We found that three seg-
ments contribute to the function of an SA-sequence: the 
central hydrophobic region and the flanking hydrophilic seg-



ments (Haeuptle et al., 1989). Using site-directed mutage-
nesis we found that the asymmetric distribution of charged 
amino-acid residues in the regions flanking the hydrophobic 
core of an SA-sequence determines membrane orientation 
(Dobberstein, B., Flint, N., Haeuptle, M-T. & Lipp, J., in 
preparation). 

Proteins spanning the membrane several times contain sev-
eral hydrophobic sequences. To investigate the structural 
requirements for the membrane assembly of this type of 
proteins we generated mutant proteins containing several 
SA or stop-transfer (ST) sequences. These proteins were 
then tested for membrane insertion and topology. We found 
that there are no specific sequence requirements for an 
SA or a ST function in multi-spanning proteins. SA and ST 
function can be determined by the relative position of a SA 
sequence (Lipp et al., 1989). 

To search for cytoplasmic or membrane components in-
volved in membrane insertion of SA-proteins we used a 
post-translational assay system. Nascent chain/ribosome/ 
SRP complex was isolated and requirements for mem-
brane insertion tested. Membrane insertion was found to 
be dependent on GTP which could be substituted for by 
the nonhydrolysable GTP analogue GMPPNP but not by 
GTP'YS. Besides ribosome bound SRP no other cytoplas-
mic components were found to be required for membrane 
insertion of SA-proteins (High et al., in preparation). 

Structure of the signal sequence receptor (SSR) 
in the ER membrane. (Collaboration with S. Prehn 
& T. Rapoport, Berlin) 

Cross-linking studies have shown that nascent preprolactin 
interacts with a glycosylated ER membrane protein. This 
protein has been isolated and termed signal sequence re-
ceptor (SSR) (Wiedmann et al., 1987). SSR is composed 
of two subunits, a 34 kDa a and a 25 kDa {3 subunit. 
cDNAs coding for these proteins have been isolated and 
characterized by sequence analysis. Both subunits span 
the membrane close to their C-terminus and expose a 
short C-terminal segment on the cytoplasmic side (Prehn, 
S., Herz, J., Romisch, K., Frank, A., Dobberstein, B. & 
Rapoport, T., 1990). SSR was also found to interact with 
nascent SA-proteins after their insertion into the membrane 
(High, S. et al., in preparation). 

Intracellular transport of class II major histo-
compatibility (MHC) proteins and associated 
invariant chain 

An important step in the generation of an immune response 
to foreign antigen is the stimulation of T helper cells by 
antigen presenting cells. The molecular components in this 
interaction are the cell surface class II MHC-proteins with 
bound peptide and the T cell receptor. To be presented, 
most foreign antigens must first be processed in an in-
tracellular compartment to small peptides. The question 
arises how and where processed antigen meets class II 
MHC-proteins. The answer to this question might lie in 
the invariant chain (Ii) which has recently been shown to 
be essential for processing/presentation of foreign antigen 
(Koch et al., 1989). Invariant chain is intracellularly asso-

ciated with class II MHC-antigens and has been proposed 
to transport class II MHC-antigens to a site where it can 
meet with processed antigen. In collaboration with Gareth 
Griffiths (EMBL) and N. Koch (DKFZ, Heidelberg), we are 
investigating the intracellular transport pathways of class II 
MHC-antigens and Ii. We found that Ii chain and some of 
the class II antigens co localize in endosomal/prelysosomal 
compartments (Pieters et al., in preparation). As class II 
MHC-proteins in the absence of Ii can be transported to 
the cell surface, we suspected that Ii contains biosynthetic 
sorting information for an endocytic compartment. Monkey 
CV1 cells do not express detectable amounts of class II 
MHC-proteins and Ii chains expressed in these cells are 
found at an intracellular post-Golgi site. To localize the sort-
ing signal in Ii we deleted portions from the cytoplasmic tail 
(N-terminus) of Ii. After transient expression in CV1 cells we 
found that deletion of 15 and more amino-acid residues from 
the N-terminus of Ii results in loss of intracellular sorting of Ii 
and its surface expression (Bakke, O. et al., in preparation). 
The sorting signal will be further defined by site-directed 
mutagenesis. 
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Molecular mechanisms In protein secretion: formation of neuroendocrine granules 

Group leader: W.B. Huttner 

Fe"ows: F. Barr*, E. Chana!, H.-H Gerdes, C. Niehrs, S. Pimplikar, A. Regnier-Vigouroux*, J. Stinchcombe, SA Tooze 

Visitors: P. Rosa*, C. Vannier 

Assistants: R. BeiBwanger*, G. Fismer*, A. King*, R.E. Phillips*, U. WeiB 

The storage organelles for neuropeptides and peptide hor-
mones, called large dense core synaptic vesicles in neu-
rones, secretory granules in endocrine cells, or collectively 
neuroendocrine granules, have a central role in the reg-
ulated secretion of these signalling molecules. Neuroen-
docrine granules are formed in the trans-Golgi network 
(TGN) and are characterized by a specific content and mem-
brane composition. Their biogenesis involves the sorting 
of a specific set of secretory and membrane proteins. We 
are interested in the molecular mechanisms underlying the 
process by which neuroendocrine granules form. 

The secretogranins (chromogranins) are widespread con-
stituents of the matrix of neuroendocrine granules (for re-
view, see Wiedenmann & Huttner, 1989). These proteins 
contain structural features that enable them to divert other 
secretory proteins, which are bound to them non-covalently, 
into neuroendocrine granules (Rosa et at., 1989). We use 
the secretogranins as markers to monitor the biogenesis of 
neuroendocrine granules and as model proteins to study the 
sorting of secretory proteins to these organelles. 

The chromogranin B (secretogranln I) gene 

In a collaborative study with Uli ROther and Thomas Pohl, 
Liz Phillips and Hans-Hermann Gerdes have determined the 
exon-intron organization of the mouse chromogranin B (se-
cretogranin I) gene. This revealed that the previously iden-
tified (Benedum et at., 1987) N-terminally located disulfide-
bonded loop structure and the conserved C-terminal domain 
of chromogranin B, both of which are also found in chromo-
granin A, are encoded by separate exons. 

Calclum- and low pH-induced aggregation of 
the secretogranins 

In the course of relating the biochemical properties of the se-
cretogranins to their primary structure deduced from cDNAs, 
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We had previously shown that low pH and calcium induce 
the aggregation of secretogranin II in vitro (Gerdes et at., 
1989). The secretogranin aggregates formed in vitro were 
found to exclude secretory proteins that are not packaged 
into secretory granules in vivo. These findings led us to 
propose that a selective aggregation of the secretogranins, 
induced by the specific lumenal milieu of the TGN, may 
be an important step in the sorting process (Huttner et 
at., 1988). Eric Chanat has investigated the possible bi-
ological significance of the observed in vitro aggregation 
of the secretogranins. He has found that conditions re-
sembling the putative lumenal milieu of the TGN (pH 6.4, 
10 mM Ca2+) keep the secretogranins in the TGN in an 
aggregated state when the TGN membrane is permeabi-
lized. 

Co-packaging of the secretogranins and 
specific peptide hormones into a subpopulation 
of secretory granules 

Following up on previous studies (Rosa et at., 1985; 
Hashimoto et at., 1987), we have investigated, in collabora-
tion with Patrizia Rosa and Antonia Zanini (Milan, Italy), the 
subcellular localization of the secretogranins in endocrine 
cells of the anterior pituitary by double labelling immunoelec-
tron microscopy. Extending the previous observations we 
found that in somatomammotrophs not only secretogranin II, 
but also chromogranin A and chromogranin B are predom-
inantly found in a subpopulation of secretory granules that 
lack growth hormone and prolactin. Interestingly, two other 
peptide hormones, luteinizing hormone and thyroid stimulat-
ing hormone, are predominantly found in the secretogranin-
containing granule subpopulation of somatomammotrophs. 
Thus, in a cell that produces four distinct peptide hormones, 
a subset of these hormones is selectively co-packaged 
with the secretogranins into a subpopulation of secretory 
granules. 



A membrane-bound form of chromogranin B 

Sanjay Pimplikar has identified a tightly membrane-
associated form of chromogranin B in neuroendocrine 
granules. Upon stimulation of regulated secretion, this 
membrane-associated form of chromogranin B is transiently 
exposed at the cell surface. We are currently investigating 
the molecular nature of this membrane association and its 
biological significance. Jane Stinchcombe has been study-
ing other membrane proteins of neuroendocrine granules. 

Cell-free formation of neuroendocrine granules 

Sharon Tooze has identified the first organellar intermediate 
in the process of neuroendocrine granule formation, the 
immature granule, and has developed a cell-free system 
derived from PC12 cells in which the formation of immature 
neuroendocrine granules from the TGN and the sorting of 
secretory proteins to these organelles have been reconsti-
tuted in vitro (Tooze & Huttner, 1990). This work has been 
based on three findings: (i) a heparan sulfate proteoglycan 
and secretogranin II are markers for the constitutive and reg-
ulated pathway of secretion in PC12 cells, respectively; (ii) 
both of these marker molecules can be specifically labelled 
in the TGN with sulfate; and (iii) velocity-controlled sucrose 
gradient centrifugation efficiently separates the TGN and 
post-TGN vesicles. We find that the formation of immature 
neuroendocrine granules in vivo is as fast (t1/2 5 min) 
as that of constitutive secretory vesicles. In the cell-free 
system, the heparan sulfate proteoglycan and secretogranin 
II are correctly sorted into these distinct post-TGN vesicle 
populations in reactions that require the presence of ATP 
and that are inhibited by the non-hydrolyzable GTP analog 
GTP-yS. Sharon Tooze, Anne Regnier-Vigouroux, Ursula 
WeiB and Francis Barr are now dissecting the molecular 
machinery required for neuroendocrine granule formation. 

Purification and characterization of tyrosylprotein 
su Ifotransferase 

Christof Niehrs has purified tyrosylprotein sulfotransferase, 
the enzyme catalyzing the tyrosine sulfation of the se-
cretogranins and other proteins (for review, see Huttner, 
1988), 140,000-fold to apparent homogeneity (Niehrs & 
Huttner, 1990). Tyrosylprotein sulfotransferase is a sialic 
acid-containing 54-50 kDa integral membrane protein of 
the trans-Golgi. Characterization of the substrate specificity 
of tyrosylprotein sulfotransferase using various synthetic 
peptides has revealed that the presence of acidic amino-
acids in the vicinity of a tyrosine is the major structural 
determinant required for sulfation (collaboration with Margot 
Kraft of Rainer Frank's group). Christian Vannier has been 
engaged in establishing the tools to isolate tyrosylprotein 
sulfotransferase cDNA clones. 
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Molecular mechanisms controlling endocytic membrane traffic and lysosomal enzyme targeting 

Group leaders: J. Gruenberg, S. Hollack 

Fellows: N. Emans*, T. Ludwig* 

Visitors: A. Aspnas*, M. Somsel, T. Ludwig*, V. Marjomaki*, S. Meresse*, F. Pischedda*, P. Schrotz*, T. Tuomikoski* 

Assistants: U. Sauer*, H. Hardersen*, M. Ragueneau*, C. Walter 

Two major pathways connect endosomes with the plasma 
membrane and the Golgi apparatus. Our interest is to un-
derstand in terms of molecules the mechanisms regulating 
membrane traffic in these pathways. Molecular genetics in 
yeast and biochemical analysis in mammalian cells have 
identified putative candidates of the sorting/targeting ma-
chinery, especially in the biosynthetic pathway (endoplasmic 
reticulum (ER)-Golgi-plasma membrane). However, less is 
known about endocytosis and the Golgi-endosome pathway. 
More important, the mechanisms controlling vesicle-vesicle 
interaction and fusion have still to be defined, in particular 
the membrane recognition signals and their putative recep-
tors as well as fusogenic components. 

In vitro systems to study the regulation of 
membrane traffic in the endocytic pathway 
(Jean Gruenberg, Morgane Bomsel, Neil Emans, 
Teppo Tuomikoski, Petra Schrotz, Carmen Walter, 
Hege Hardersen) 

Previously, we have established a cell-free assay that mea-
sures the occurrence of endocytic vesicle fusion. This as-
say used immunoisolated endosomal fractions prepared at 
different stages of the pathway from early to late endo-
somes. A combination of these studies with biochemical and 
morphological analysis was used to characterize sequential 
compartments (or elements) of the endocytic pathway in 
non-polarized cells (Gruenberg & Howell, 1989). Internal-
ized membrane proteins and solutes first appear in early 
endosomal elements located at the cell periphery. Cell-free 
studies have revealed that these individual elements can 
rapidly and efficiently exchange membrane and content via 
fusion events, suggesting that they are highly dynamic and 
possibly form a transient network in vivo. Hence, it seems 
reasonable to consider the early endosome as a single 
compartment functionally. 
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At the next stage of the pathway, the molecules destined 
to be degraded are collected in large spherical vesicles, 
which contain internal membranes and probably correspond 
to some of the multivesicular structures described by others. 
These large vesicles (large "carriers") appear to be involved 
in the microtubule-dependent transfer of endocytosed ma-
terials to the perinuclear region, where late endosomes and 
Iysosomes are found (Gruenberg et al., 1989). Endocytosed 
tracers then appear in late endosomes, which contain high 
amounts of the cation-independent mannose-6-phosphate 
receptor (MPR) in several cell types, and finally in MPR 
negative Iysosomes, where degradation occurs (see below 
and Gareth Griffiths' report). 

Our interest is to investigate the mechanisms regulating 
endocytic membrane traffic at a molecular level in polar-
ized and non-polarized cells. For these studies, one of our 
major efforts continues to be the improvement of endo-
some subcellular fractionation. At present, we are combining 
our immunoisolation protocols (Howell et al., 1989b) with 
different types of density gradients to purify the different 
compartments of the pathway. We are especially interested 
in isolating the large "carrier" vesicles involved in the transfer 
from early to late endosomes. After characterization, these 
fractions will be used in functional in vitro assays (see 
below) to identify the proteins, which are components of the 
recognitionlfusion machinery. 

Recent studies of different groups have revealed the exis-
tence of several factors involved in the control of membrane 
traffic. Using in vitro fusion assays, inhibition experiments 
with GTP-,},-S have indicated that GTP-binding proteins may 
be involved in the fusion of early endosomes (Mayorga et 
al., 1989; Tuomikoski et al., 1989). Our more recent studies 
in the polarized Madin-Darby canine kidney (MDCK) cell 
(see below) suggest that GTP-binding proteins may also 



PLATE 2 

Comparision between in vivo and in vitro observations. 

(A) The outline summarizes the observations of Bomsel et al. 
(1989) and Parton et al. (1989). A fluid phase marker internal-
ized in apical (ap) or basolateral (bl) early endosomes (early) 
is either recycled, transcytosed or appears in late. MPR-
positive endosomes. as indicated by the arrows. Early ap and 
bl endosomes are topologically distinct. each population lining 
the membrane from where internalization occurred. They are 
also functionally distinct: of the ap early endosomal 
content is recycled and transcytosed, whereas of the 
bl early endosomal content remains in the cell. No meeting 
of ap and bl markers can be observed in early endosomes. 
In contrast, meeting of ap and bl markers is observed in 
MPR-positive. late perinuclear endosomes. Appearance of 
ap or bl markers in late endosomes, as well as meeting, is 
inhibited by the depolymerizarion of microtubules with 10 p.M 
nocodazole (see Robert Parton and Gareth Griffiths). Markers 
are then observed in large vesicles p.m diameter). 
similar to those observed in BHK cells (Gruenberg et al., 
1989). The organization of microtubules is not shown (see 
text and Bacallao et al., 1989). 

(B) The reconstitution of endocytic vesicle fusion in vitro is out-
lined for both the ap and the bl pathways (see text for details). 
Early bl (1) and ap (2) endosomes can fuse in vitro with 
themselves, as observed in non-polarized cells (Gruenberg 
et al.. 1989). These fusions are specific. since ap and bl 
endosomes do not fuse with each other (3). as predicted from 
the functional differences observed in vivo. Meeting of ap and 
bl markers can be reconstituted in vitro and preliminary ob-
servations of Robert Parton suggest that colocalization occurs 
in late endosomes. as in vivo. To characterize this in vitro 
meeting. the markers are accumulated in the large "carrier" 
vesicles by microtubule (mt) depolymerization in vivo. The 
in vitro fusion reaction (4) is then supplemented with taxol-
stabilized microtubules (mt). A specific mt-dependent fusion is 
observed. which presumably reflected the delivery of ap and bl 
"carrier" vesicles to late endosomes (and possibly the direct 
fusion between "carriers"). Although it is unknown whether 
organelle movement is also reconstituted in the assay. our 
recent data suggest that motor proteins are involved in the 
process. 
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playa regulatory role at a later stage of the pathway. We 
are now trying to identify the corresponding candidates, in 
collaboration with Marino Zerial and Philippe Chavrier in the 
Simons' group. They have cloned several of the Ras-like 
GTP-binding proteins and raised antibodies against both the 
fusion proteins and specific peptides. 

In collaboration with the groups of Kai Simons and Gareth 
Griffiths we have described endocytosis in the polarized 
MOCK cell in vivo, using confocal microscopy and biochem-
istry (Bomsel et al., 1989) as well as morphology (Parton 
et al., 1989). These studies showed that early apical and 
basolateral endosomes are topologically and functionally 
distinct, whereas late endosomes, containing high amounts 
of MPR, are common to both routes, as are Iysosomes. In 
more recent experiments, we have now reconstituted in vitro 
some of the fusion events occuring between the apical and 
the basolateral endocytic pathways using an assay similar 
to that described earlier by Gruenberg et al. (1989). 

No fusion was detected in vitro between early apical and 
basolateral endosomes (see outline Plate 2). However each 
endosomal population exhibited the capacity to fuse with 
itself, as predicted from our findings in non-polarized cells. 
These experiments demonstrate that early endosome fusion 
is not a random event but is under the control of specific 
recognition molecules. This fusion specificity also confirms 
the functional differences we had observed in vivo. At a later 
stage of both pathways, fusion between apical and basolat-
eral endosomes could be reconstituted in vitro, as expected 
from our in vivo studies. Morphological observations of 
Robert Parton (Griffiths' group) showed that meeting of the 
tracers in vitro was detected in late, MPR+ endosomes, as 
in vivo. 

To charaterize this late fusion event, we used our in vivo 
observations that basolateral (or apical) tracers internalized 
after microtubule depolymerization accumulated in large 
"carrier" vesicles and did not appear in late endosomes (as 
in baby hamster kidney (BHK) cells). Under these conditions 
no meeting was observed in vivo or in vitro. However, meet-
ing could be reconstituted in vitro when the assay reaction 
was supplemented with taxol-stabilized microtubules. The 
microtubules were prepared from purified bovine brain tubu-
lin in collaboration with Jochen Scheel and Thomas Kreis. 
The effect of microtubules in vitro was specific, since they 
did not facilitate the fusion of early apical and basolateral 
endosomes. Presumably, the observed fusion corresponded 
to the delivery of both apical and basolateral "carriers' to late 
endosomes. (It is possible that some direct fusion between 
"carriers' may also have occurred in the assay). In vitro, 
microtubules are likely to facilitate encounters between the 
vesicular partners of the fusion by increasing their local 
concentration on microtubules. Whether vesicle movement 
was also reconstituted in the assay remains to be shown. 
However, inhibition studies and cytosol depletion experi-
ments suggest that motor proteins are likely to be involved in 
the process and some recent data suggest the involvement 
of a dynein-like activity. The present consensus in the field is 
that dynein-like motors are responsible for retrograde trans-
port from the plus to the minus end of microtubules (Vale, 
1987), corresponding to basal-to-apical transport in MOCK 
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cells (Bacallao et al., 1989). It remains unclear whether this 
activity is sufficient or whether a kinesin-like activity is also 
involved. We are now characterizing these events in more 
detail. 

We have also followed another approach to gain access 
at the mechanisms regulating endocytic membrane traffic 
(Tuomikoski et al., 1989) based on the well-established 
observation that membrane traffic is arrested during mitosis 
in animal cells. Warren (1985) postulated that this arrest may 
be mediated by an inhibition of vesicle fusion. We tested 
the capacity of interphase and mitotic cytosols (prepared 
from Xenopus eggs in collaboration with Marie-Anne Felix 
and Eric Karsenti) to support the fusion of BHK early en-
dosomes. Mitotic extracts not only inhibited fusion, but the 
extent of inhibition was correlated to their histone H1 kinase 
(HK) activity. Since most of the HK activity in Xenopus 
extracts is due to the cell-cycle control protein kinase cdc2 
(see Karsenti's report), the assay was then carried out in 
the presence of interphase cytosol supplemented with a 
preparation of the cdc2 kinase purified from starfish by M. 
Ooree (Montpellier, France). Our results showed that the 
cdc2 kinase mediated the inhibition of endocytic vesicle 
fusion. Specific depletion of the kinase by affinity binding 
to the product of the fission yeast gene p13sUC1 prevented 
inhibition and the affinity purified kinase eluted from p13sUC1 _ 
beads could restore inhibition. More important, fusion inhi-
bition could be titrated at increasing amounts of cdc2. More 
than 90% inhibition was observed when the kinase was 
present at an activity corresponding to Xenopus mitotic eggs 
in vivo pmol ATP transferred to H1 histones/min/JLI). 
This suggests that early endosomes, and possibly other 
fusion events occurring in membrane traffic, are arrested 
during mitosis. At present we are characterizing putative 
substrates of the kinase that become phosphorylated during 
the assay, in the hope that they may be components of the 
fusion or vesicle recognition machinery. 

Our future prospects are to combine these different ex-
perimental approaches to identify components of the fu-
sion/recognition machinery. We shall focus in particular on 
endosomal membrane proteins since these may serve as 
docking sites for cytosolic factors. More important, recogni-
tion sites located on the cytoplasmic surface of endosomes 
are expected to provide the specificity of interaction ob-
served in vitro and in vivo. 

Lysosomal enzymes and blosynthetlc pathway 
to Iysosomes (Bernard Hoflack, Ulrike Bauer, 
Thomas Ludwig, Stephane Meresse, Franca 
Pischedda, Margueritte Ragueneau) 

In mammalian cells, proper targeting of lysosomal enzymes 
from their site of synthesis (rough endoplasmic reticulum) 
to the Iysosomes requires a series of recognition events 
involving different signals and receptors. One of the first 
recognition events occurs in the trans-Golgi network (TGN) 
where two specific receptors (the cation-dependent and the 
cation-independent mannose-6-phosphate receptors: CO-
MPR and CI-MPR) bind a common recognition marker 
(Man6-P containing oligosaccharides) which is present on 



every soluble lysosomal enzyme. This allows the segre-
gation of this class of proteins from those destined to be 
secreted by a regulated or a constitutive pathway. The re-
ceptors together with their bound ligands are then clustered 
into c1athrin-coated vesicles. This step also involves signals 
present in these receptors which are most likely recognized 
by specific components of the c1athrin coat. These carrier 
vesicles deliver their content to the next station of the 
pathway after recognition and fusion with defined prelysoso-
mal compartments. After dissociation of the ligand-receptor 
complexes, the receptors return to the TGN to repeat other 
cycles and the lysosomal enzymes are packaged inside the 
Iysosomes. These receptors are also found on the plasma 
membrane from where they can recycle to the TGN via the 
endocytic route. 

To understand better the pathways followed by the newly 
synthesized lysosomal enzymes and to determine more 
precisely where these molecules are delivered by the Golgi-
derived c1athrin-coated vesicles, we have studied in detail 
the steady state distribution of the different components 
of the pathway (lysosomal enzymes and receptors). These 
investigations were done in collaboration with the groups 
of Gareth Griffiths and Stuart Kornfeld. In many cell-lines, 
CI-MPR is mostly localized in a late endocytic element (ref-
ered to as prelysosomal compartment or PLC) structurally 
and functionally different from the TGN, the Iysosomes and 
the early endosomes from which endocytosed receptors 
can recycle back to the cell surface (Griffiths et al., 1990; 
see also Gareth Griffiths' report). More than 90% of this 
receptor is found in the PLC, the rest distributed over the 
TGN, the plasma membrane and the early endosomes. The 
CD-MPR appears to be more abundant in early than in late 
endosomes and like the CI-MPR, less than 10% is found 
over the TGN and the plasma membrane. These studies 
have shown that the biosynthetic pathway and the endocytic 
pathway meet in a compartment different from the Iyso-
somes. To have further insights into this pathway, we have 
used during this year two complementary approaches to 
investigate the distribution of newly synthesized lysosomal 
enzymes over the early and late endocytic elements. For 
biochemical studies, lactoperoxidase was internalized by 
fluid phase endocytosis under various conditions to accumu-
late this probe in the various elements of the pathway. In situ 
iodination was performed and iodinated lysosomal enzymes 
were then purified by affinity chromatography on a CI-MPR 
column or by immunoprecipitation with specific antibodies. 
For morphological experiments, we have used a soluble 
form of the CI-MPR as a lectin specific for the phospho-
mannosyl marker of lysosomal enzymes. When conjugated 
to gold particles, this probe retains its ligand specificity and 
can be used together with other markers to visualize by 
electron microscopy newly synthesized lysosomal enzymes 
in the various intracellular compartments. Collectively, our 
data indicate that these compounds are present in both 
early and late endosomes and suggest that a significant 
fraction of the newly synthesized lysosomal enzymes is 
delivered to early endocytic compartments. We are now 
using immunoisolation techniques to fractionate early and 
late endosomes in labelled cells, to determine whether both 
early and late endosomes or only early endosomes are 
fusion-competent with Golgi-derived vesicles. This should 

help in the understanding of the function of the PLC and 
should shed some more light on the relationships existing 
between early and late elements of the endocytic path-
way. 

Sorting of the MPRs in the TGN and at the plasma mem-
brane requires two types of signals contained in their cy-
toplasmic domains (Lobel et al., 1989). These signals ap-
pear to be recognized by adaptors or assembly proteins 
which are components of the coat of c1athrin-coated vesicles 
(Glickman et al., 1989). Endocytic- and exocytic-coated 
vesicles contain different subsets of adaptors (HAl and HAil) 
which are composed of four distinct proteins. However, 
many questions have still to be answered: the nature of 
the binding site in the cytoplasmic tails of the receptors 
has not yet been completely elucidated, the protein of the 
adaptor complex which interacts with the receptor tails has 
to be identified and the regulation of these interactions 
remains to be established. In this respect, it is still un-
clear how each subset of adaptors can interact specifically 
with the MPRs present on the plasma membrane or in 
the Golgi. Using an in vitro approach, we have identified 
and fully characterized a kinase activity associated with 
the HAl complex of the Golgi-derived vesicles. This kinase 
has a very high affinity for the receptor tails 00 
nM) and is able to phosphorylate seryl residues present in 
the region of the cytoplasmic domain of the MPRs which 
contains the signal for their sequestration into Golgi-derived 
clathrin-coated vesicles. It appears that in vivo the recep-
tors are also phosphorylated on the same sites. We have 
purified this kinase to homogeneity. We are in the process 
of cloning this interesting protein. This should give us the 
opportunity to perform in vivo studies on the involvement 
of this kinase in the trafficking of the MPRs in the pathway 
TGN-endosomes. However, one can speculate about the 
function of this protein. For instance, this post-translational 
modification could inactivate the sorting signal and therefore 
induce dissociation of HAl from the receptor tails or generate 
another signal which could be used for retention of the 
MPRs in endosomes. We are now testing this hypothesis 
using an in vitro assay of interaction with purified adaptors 
and engineered cytoplasmic tails of MPRs. In collaboration 
with Peter Lobel, we will also use this assay to determine 
in further detail the nature of the signal responsible for the 
sorting of the MPRs in the Golgi. 

The reasons why a cell needs two different receptors for this 
transport process are still unclear. The CD-MPR appears 
to be ubiquitous whereas few cell-lines lack the CI-MPR. 
During this year, we have cloned the cDNA and the genomic 
DNA coding for the mouse CD-MPR. These molecular tools 
are now used to engineer a cell-line devoid of the CD-
MPR. The obtention of such a mutant should give us the 
opportunity to investigate in more detail the function of this 
receptor in lysosomal enzyme trafficking. 
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Molecular address signals in membrane proteins 
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Assistant: D. Murfitt* 

The final half year of this group was spent tidying up 
existing projects on the low density lipoprotein receptor 
related protein (LRP) and organelle specific clones that had 
been obtained previously. 

Endosomal location and rapid turnover of the LRP 

The LRP is a 600 kDa membrane glycoprotein with a 
structure closely related to the LDL receptor and EGF pre-
cursor. Like the LDL receptor it can bind apo E-containing 
ligands and is presently thought to be a likely candidate 
for an apo E-specific remnant receptor (Soutar. 1989). Pre-
vious studies had shown that the LRP was surprisingly 
rapidly degraded in tissue culture cells with a half life of 
approximately 45 min. The cytoplasmic tail of the LRP 
was shown to contain a necessary and sufficient signal for 
causing rapid turnover. since fusing this tail to membrane 
haemaglutinin from influenza virus caused a similar turnover 
in this molecule in transfected cells. Site-directed mutage-
nesis studies confirmed that a single tyrosine residue in 
the cytoplasmic domain of the LRP was essential for rapid 
degradation. although it probably functions as the signal 
for rapid internalization rather than degradation per se. We 
decided to investigate the fate of LRP in rat liver where 
sufficient material is available for biochemical analysis. On 
shallow isotonic Ficoll gradients it was shown that the ma-
jority of rat liver LRP was located in vesicular fractions with 
a density of early and late endosomes with very little at 
positions in the gradient where plasma membrane receptors 
are found. This was different from control receptors like the 
transferrin receptor which was found to be distributed with 
approximate 50% on the cell surface and 50% distributed 
between fractions with endosomal densities. These obser-
vations raise the possibility that the LRP principally functions 
as an endosomal transporting receptor acting in conjunction 
with the surface recycling LDL receptor in the uptake and 
lysosomal degradation of apo ElB containing ligands. In 
accordance with this view Lund et at. (1989) have observed 

that LRP in endosomal fractions binds principally to LDL on 
ligand blots. 

Retention signals in membrane proteins of 
intracellular organelles 

A group of candidate Golgi membrane protein encoding 
cDNA clones was obtained by screening a cDNA library with 
a polyclonal antiserum raised against membrane proteins 
from a rat liver Golgi fraction and then dividing them into sub-
sets by using antibodies affinity purified from the polyclonal 
serum on individual clones. In this way seven groups of 
candidate clones were obtained without any prior sequence 
information or purified proteins. Further characterization of 
these clones revealed that two were known sequences. One 
of these was polymeric Ig receptor (PlgR). This was the first 
report of the rat PlgR and from the homology with rabbit 
and human PlgR suggested that retention and targeting 
signals of membrane proteins may correlate with regions 
of high inter-species amino-acid homology (Banting et at .• 
1989). A second known sequence was that of rat glutathione 
S-transferase (De Jong et at .• 1988). Both these proteins 
are abundant and antigenic components of Golgi fractions 
showing that the cloning strategy was functioning correctly. 

Two other clones were sequenced. One of these. called 
TGN38. was shown to be an extremely highly glycosylated 
protein located in the trans-Golgi network (TGN) with no 
detectabie protein at the cell surface. Since an antibody 
raised against the rat liver protein expressed in E.coti did 
not cross-react with primate TGN38 it was possible to dis-
tinguish wild-type and mutant rat TGN38 transfected into 
CV-1 cells. The wild-type rat TGN38 transiently expressed 
in these cells was also localized in the perinuclear region 
of the cell suggesting a normal retention in the TGN. With 
very high levels of expression. or after deleting the cyto-
plasmic domain of the protein, considerable amounts of 
the expressed TGN38 appeared at the surface leading to 
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loss of adherence of the cells on cover slips. A probable 
interpretation of this data is that over-expression saturates a 
retention mechanism for the protein in the TGN which relies 
on the integrity of the cytoplasmic domain for its function. 

The last sequenced clone appears from its sequence to be 
a type II membrane protein but its intracellular localization 
has not yet been determined. The remaining low abundance 
groups of clones were not analyzed further. 
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Role of cytoskeletal elements In the spatial arrangement and movement of cytoplasmic organelles 
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Many aspects of cellular motility depend on the cytoskele-
ton. The microtubules in particular are involved in the spatial 
arrangement of cytoplasmic organelles and they also pro-
vide the tracks for various forms of intracellular movement. 
Translocation of vesicular organelles along microtubules 
has been demonstrated in a number of different cell types. 
Candidates for proteins involved in trans locating organelles 
along microtubules have been characterized using in vitro 
reconstituted systems (for a review see Mcintosh & Porter, 
1989). 

Our goal is to characterize the proteins involved in the 
interaction of specific organelles with microtubules in non-
neuronal cells. We are using three related approaches: (1) 
correlation of the position and tracks of moving organelles, 
visualized in vivo, with the microtubule network; (2) analysis 
of the dynamic organization of microtubules in vivo; and (3) 
exploration of appropriate cell models and in vitro systems 
for the identification and characterization of the proteins. 

Interaction of the Golgi apparatus with microtubules 

The Golgi apparatus is a compact perinuclear structure in in-
terphase cells, localized close to the microtubule-organizing 
centre (MTOC), the site from which the centrosomal mi-
crotubules emanate. In cells treated with the microtubule-
depolymerizing agent nocodazole, the Golgi apparatus scat-
ters throughout the cytoplasm, mimicking to some extent the 
fate of the Golgi apparatus during mitosis. Upon removal of 
the nocodazole, interphase microtubules repolymerize and 
the scattered Golgi elements recluster in the region around 
the MTOC. The movement of Golgi elements during this 
process of reclustering after microtubule repolymerization 
occurs along microtubules, suggesting a direct interaction 
of Golgi membranes with microtubules. 

A protein which may be involved in the interaction between 
the Golgi apparatus and the microtubule network has re-
cently been identified with a monoclonal antibody (M3A5). 

This protein has a molecular weight of 110,000, is a pe-
ripheral membrane protein associated with the cytoplasmic 
face of the Golgi apparatus, and binds to taxol polymerized 
tubulin (Allan & Kreis, 1986). This 110 kDa protein may 
therefore link the Golgi apparatus to the microtubule network 
during interphase. 

We have purified the 110 kDa protein from rat liver with 
M3A5 and cloned the complete cDNA from a rat liver library 
using peptide sequence-derived oligonucleotides (collabo-
rations with Rainer Frank and Keith Stanley). The cDNA 
encodes a 107 kDa polypeptide which has no homology with 
known proteins. We are currently raising antisera against 
bacterially produced 110 kDa protein. The functional do-
mains of the 110 kDa protein will be analysed in vivo 
and in vitro using constructs encoding intact and truncated 
versions of the protein. 

Reconstitution of binding of cytoplasmic 
organelles to microtubules in vitro 

We have established a quantitative in vitro binding assay 
(collaboration with Claude Antony, Mark Bennett and Kai 
Simons) to study the interaction of trans-Golgi network 
(TGN) derived carrier vesicles with microtubules. 

TGN derived carrier vesicles labelled with C6-NBD ceramide 
metabolites were purified from filter grown Madin Darby 
canine kidney (MDCK) II cells following perforation of the 
apical plasma membrane (Bennett et al., 1988). After in-
cubation with taxol polymerized tubulin from HeLa cells or 
bovine brain, the incubation mixture was centrifuged through 
a sucrose cushion, and binding was measured by NBD-
fluorescence in the pellet and supernatant fractions. The 
vesicles sedimented through the cushion only in the pres-
ence of microtubules and cytosol from HeLa or MDCK cells. 
Heat inactivation or mild N-ethylmaleimide(NEM)-treatment 
of the cytosol inhibited the binding of vesicles to micro-
tubules. Mild trypsinization of vesicles also abolished the 
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binding. When microtubules were coated with heat stable 
brain microtubule-associated proteins, binding of vesicles 
did not occur. The results indicate that an NEM-sensitive 
cytosolic protein is required for microtubule-vesicle interac-
tion, and that the vesicles are bound via a trypsin-sensitive 
receptor protein on their surface (van der Sluijs et al., 
1990). Preliminary data indicate that cytosolic proteins are 
bound to both microtubules and vesicles. These proteins are 
presently being characterized. 

We are currently modifying the assay to allow rapid and 
reliable screening for binding of endosomes, Golgi elements 
and Golgi-derived carrier vesicles to microtubules. The ma-
jor difference to the previous assay is that microtubules are 
linked to magnetic beads via a monoclonal antibody against 
tubulin (1 A2; Kreis, 1987). Organelles from a crude postnu-
clear supernatant are incubated with cytosol and magnetic 
beads carrying microtubules. Complexes of organelles and 
microtubules bound to the beads can then easily be re-
trieved with a magnet (see also Howell et al., 1989). The 
amount of organelles bound to microtubules is measured 
using enzymatic markers specific for the organelles. To 
quantitate the binding of Golgi elements or endosomes to 
microtubules, activity of galactosyltransferase or endocy-
tosed horse radish peroxidase is measured, respectively. 
Results obtained so far with these in vitro binding assays 
have indicated that cytosolic factors stimulate the binding 
of Golgi elements and endosomes to microtubules. The 
microtubule-endosome binding has been shown to increase 
linearly with cytosol concentration and reaches a plateau at 
a cytosol concentration of about 3 mg/ml. Furthermore, this 
interaction is disrupted by nucleotides. 

These in vitro binding assays wi" be used to test the effects 
of various factors on the interaction of the specific organelles 
with microtubules. Furthermore, differences in the cytosolic 
requirements for binding of retrogradely (Golgi elements, 
endosomes) and anterogradely (Golgi-derived carrier vesi-
cles) transported organelles may be analysed. The aim is 
to identify specific proteins involved in these interactions. 

Identification of translocator molecules 

We have identified a novel microtubule-binding protein of Mr 
170,000 (170 kDa protein) in HeLa cells. Antibodies raised 
against it have been used for its characterization (Rickard 
& Kreis, 1990). Association of this 170 kDa protein with mi-
crotubules polymerized with taxol from HeLa cell high speed 
supernatant extracts is enhanced by ATP depletion, and the 
protein can be eluted from microtubules by ATP and GTP, 
as we" as NaCI. It appears not to be related to either of the 
microtubule-based motor proteins kinesin and cytoplasmic 
dynein. The 170 kDa protein is found on interphase and 
mitotic microtubules by immunofluorescence (see Plate 3). 
The 170 kDa protein localizes to both vinblastine-induced 
tubulin paracrystals and taxol microtubules in vivo. In ad-
dition to this microtubule association in vivo, the 170 kDa 
protein also associates with discrete, nonmicrotubular cyto-
plasmic structures, most clearly seen in mitotic cytoplasm 
and after disruption of interphase microtubules with noco-
dazole. In cells treated with taxol for long periods, there is 
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also significant accumulation of the 170 kDa protein at the 
cell periphery, where there are no detectable microtubules. 

So far we do not know the cellular role of this novel 170 kDa 
protein. The nucleotide sensitivity of its binding to micro-
tubules, and its apparent association with non-microtubular 
structures, may indicate that it is part of a trans locator com-
plex, mediating interaction of cytoplasmic organelles with 
microtubules. However, its preferential plus end association 
may also indicate a role in the dynamics of the microtubule 
plus end, or interaction of microtubule ends with the plasma 
membrane. Polyclonal and monoclonal antibodies specific 
for the 170 kDa protein have been generated, and partial 
cDNA clones of the protein have been isolated from a HeLa 
cDNA expression library. These probes will facilitate in vitro 
and in vivo investigations of the properties of the 170 kDa 
protein. 

Quantitative analysis of movement of organelles 
in living cells 

We have developed software for the analysis of time-
lapse series, recorded by video-enhanced fluorescence mi-
croscopy (VEFM), of the movement of fluorescently-Iabelled 
Golgi elements during the process of reclustering (co"ab-
oration with Ernst Stelzer and Clemens Storz). With this 
software we can obtain automatic tracking and statistical 
data of the movement of defined objects (Le. organelles) 
in vivo and in vitro. This analysis will replace the inaccurate 
and tedious manual tracing of movement of organelles and it 
should facilitate the quantitative analysis of effects of agents 
tested in the in vivo motility assays (Hung Leo et al., 1990). 

Dynamic properties of microtubules during 
cell-cell contact formation 

As microtubules playa pivotal role in the spatial organization 
and movement of cytoplasmic organelles, it is important 
to understand their dynamic properties. It also seems that 
subclasses of interphase microtubules may be involved 
in the translocation or positioning of specific cytoplasmic 
organelles (Matteoni & Kreis, 1987; Ho et al., 1989). 

Microinjection of rhodamine-labelled tubulin (rh-tubulin; 
Kreis, 1987) was used to study the dynam ic properties 
of microtubules in vivo (co"aboration with Marie-Helene 
Bre, Jean Davoust, Eric Karsenti and Rainer Pepperkok). 
Fluorescence recovery after photobleaching revealed that 
microtubules are stabilized in MDCK cells upon establish-
ment of cell-ce" contacts. In sUbconfluent, isolated MDCK 
cells, as well as in Vero fibroblast cells (subconfluent and 
confluent) rh-tubulin-Iabelled microtubules are significantly 
more dynamic, with half-times of 5-10 min, similar to those 
described previously (Kreis, 1987). This drop in the turnover 
rate of microtubules as the MDCK cells form junctions 
seems not simply to be due to increased levels of tubulin 
detyrosination (see also Bra, Kreis & Karsenti, 1987). Thus, 
epithelial cells (MDCK), in contrast to fibroblasts (Vero), 
appear to induce microtubule-stabilizing factors as they es-
tablish cell-cell contacts. 



PLATE 3 

Double immunofluorescence labelling of HeLa cells for the 170 
kDa protein (a,c,e) and tubulin (b,d,f). Arrowheads in a,b indicate 
co-localization of the 170 kDa protein with microtubule ends, arrows 
mark microtubules which are not labelled for the 170 kDa protein. 
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Eukaryotic cells have distinct shapes and a high degree of 
internal organization. Moreover, they change shape, relo-
cate their internal organelles and migrate from one place 
to another in response to external signals. Elucidation of 
the molecular basis of these events is one of the most 
challenging problems in contemporary cell biology. 

It is known that cell shape, cytoplasmic organization and 
movement depend on the structure and dynamics of protein 
filaments present in the cytoplasm: the cytoskeleton. The 
basic molecular components of the cytoskeleton, actin, tubu-
lin and intermediate filament proteins have been extensively 
studied and characterized over the past 10 years. Their spa-
tial organization during the cell cycle and cell differentiation 
has been described as well. But we are only now beginning 
to unravel how the three-dimensional organization of the 
cytoskeleton is regulated in space and time in vivo. 

Among the cytoskeletal systems of the cell, microtubules 
are of special interest. During interphase, they form a more 
or less dynamic network of fibres, usually originating at the 
centrosome, but not always. They playa role in intracellu-
lar movement and positioning of organelles (mitochondria, 
Golgi apparatus, cytoplasmic vesicles). When the cell en-
ters mitosis, the interphase network disappears and micro-
tubules start to assemble the mitotic spindle. The function 
of this mitotic apparatus is to segregate the chromosomes 
among the two daughter cells. One important function for 
microtubules seems to be, therefore, to guide and orient 
intracellular movements both in interphase and in mitosis. 
In turn, the spatial organization of microtubules in the cell 
is determined by various internal and external signals. Our 
goal is to identify such signals and study the structures and 
molecules that in response to these signals affect micro-
tubule dynamics and organization in the cell. 
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The research being carried out in this group is focused on 
three aspects of the control of microtubule organization. 

(1) The characterization of the molecular composition and 
duplication mechanism of the main microtubule orga-
nizing centre of metazoan cells: the centrosome. 

(2) The use of Xenopus egg cell-free extracts to study 
the temporal regulation of cdc2-kinase, and its role in 
the control of the spatial organization of microtubules 
during the early embryonic cell cycles. 

(3) The control of microtubule organization during the es-
tablishment of epithelial cell polarity. 

Regulation of centrosome duplication in vitro 

The centrosome of metazoan cells is composed of two 
centrioles. Each centriole is a cylinder made of 9 microtubule 
triplets, 0.2 I'm in diameter, and surrounded by a fibrogranu-
lar material which nucleates microtubules. A procedure has 
been developed to isolate these organelles which are now 
available as an almost homogeneous preparation (Sornens 
et al.,1987). 

In the past years, we have shown that centrosomes purified 
from human lymphoid cells could nucleate microtubules and 
duplicate when injected into Xenopus eggs. Moreover, we 
showed that in vivo the three-dimensional protein structure 
of the centriole appears to be important for its duplication 
(Klotz et aI., 1989). Centrosomes duplicate in three steps 
(budding, separation and disorientation) that are correlated 
with specific stages of the cell cycle.This must be controlled 
by cell cycle signals. To approach the question of centro-
some duplication in molecular terms, we needed to develop 
an in vitro system in which the basic reactions of the cell 



cycle took place and where centrioles could duplicate in 
the test tube. We have developed cell-free extracts from 
Xenopus eggs (see below) in which added human centrioles 
duplicate at least once (collaboration with F. Tournier, M. 
Bornens, M. Cyrclaff & S. Fuller). Apparently initiation of 
duplication occurs in S-phase extracts. This provides a 
tool to study the role of cell cycle signals in centrosome 
duplication. 

The cell cycle in cell-free extracts of Xenopus eggs 

Xenopus eggs are layed arrested at metaphase II of meiosis 
and their cytoplasm is one of the best sources of mitotic fac-
tors. Following fertilization or artificial activation, the egg en-
ters a series of rapid cell cycles alternating between S-phase 
and metaphase every 30 min. During each metaphase the 
overall level of protein phosphorylation increases because a 
specific kinase is activated (Karsenti et aI., 1987; Dabauvalle 
et a/., 1988). The activity of this cAMP and Ca++ indepen-
dent kinase can be followed on exogenous histone H1, and 
it has been partially purified from Xenopus eggs arrested in 
metaphase. It fractionates as a single peak through several 
chromatographic purification steps (Labbe et a/., 1988a). The 
same kinase has been purified to homogeneity from starfish 
eggs in M. Doree's group in Montpellier. It is a 34 kDa 
protein which is homologous to the yeast cdc2+ cell cycle 
gene product (Labbe et a/., 1988b). 

We have prepared cell-free extracts from activated Xenopus 
eggs in which the histone kinase activity oscillates with 
the same period and amplitude as the in vivo cell cycle. 
Moreover, the in vitro pattern of protein phosphorylation 
changes with the activity of the kinase and is similar to 
that observed in vivo. Using this system, we have shown 
that during the protein synthesis independent phase of the 
cell cycle (just before mitosis), the kinase is activated by a 
mechanism involving both soluble and particulate material 
(Felix et a/., 1989, a,b). Since the histone kinase activity of 
p34cdc2 is stimulated by dephosphorylation (Doree et a/., 
1989) a phosphatase must be involved. We have shown 
that this phosphatase is distinct from type 1, 2A, 2B and 
2C phosphatases (Felix et al., 1990). Apparently, a new 
Ser-, Thr- phosphatase (Felix et al., 1990) as well as a 
tyr-phosphatase (Gould & Nurse, 1989) must be involved in 
cdc2-kinase activation. By contrast, an activator of p34-cdc2 
must be phosphorylated to exert its effect and it is negatively 
regulated by a type 2A phosphatase (Felix et a/., 1990). 

Another protein required for cdc2-kinase activation, called 
cyclin (not the PCNA; Pines & Hunt, 1987), is synthesized 
continuously and periodically degraded concomittantly with 
inactivation of the kinase. We have shown that the signal 
that triggers cyclin degradation is given by a threshold level 
of cdc2-kinase activity (Felix et a/., submitted). 

In conclusion, the early embryonic cell cycle can be seen 
as an oscillator in which a threshold level of cyclin triggers 
a cascade of phosphorylation-dephosphorylation reactions 
leading to cdc2-kinase activation by dephosphorylation of 
p34-cdc2. When the level of activity of this enzyme reaches 
a threshold, cyclin degradation by proteolysis is induced, 

and as a consequence there is a change in the balance of 
kinase and phosphatase activities resulting in rapid cdc2-
kinase inactivation probably by rephosphorylation of p34-
cdc2. 

If cdc2-kinase is the main switch leading to the structural 
changes that occur during mitosis, it should induce the 
mitotic regime of microtubule dynamics and organization 
when added to interphase extracts of Xenopus eggs. /n 
vivo, during interphase, microtubules have a half life of 
about 10 min. and can reach 40-60 I'm in length. During 
mitosis, in the mitotic spindle, microtubules have a half life 
of about 1 min. and never exceed 6-7 I'm in a half spindle. 
We have reproduced these conditions in vitro by adding 
purified centrosomes to interphasic and mitotic Xenopus 
egg extracts. Moreover, the addition of cdc2-kinase purified 
from starfish oocytes to interphasic Xenopus egg extracts in-
duces the interphase-metaphase conversion of microtubule 
dynamics (Verde st a/., 1990). More strikingly, there is a 
direct relationship between the level of kinase activity added 
to the extract and the steady-state length of the centrosome-
nucleated microtubules. Apparently, during mitosis, steady-
state microtubule length is precisely adjusted by the level 
of phosphorylation of a factor that regulates the dynamic 
instability of microtubules. We wish to identify this factor. 
The determination of microtubule length by an enzymatic 
process modulating microtubule dynamic instability is of in-
terest and could be one of the key mechanisms determining 
the overall dimension of the mitotic spindle. 

Since cdc2-kinase activity is temporally regulated (see 
above), the spatio-temporal control in the cell may be regu-
lated through the cdc2-kinase activity. 

Two other important aspects of mitotic spindle assembly 
deal with the changes in the microtubule nucleating activity 
of centrosomes and the role of mitotic motors. Both ques-
tions are currently being investigated using similar Xenopus 
egg extracts. 

Microtubules and the establishment of 
epithelial cell polarity 

In fibroblasts, most microtubules are nucleated by the cen-
trosome which is located close to the nucleus (Karsenti et 
a/., 1984). In such cells, the bulk of microtubules polymerize 
and depolymerize every 10 to 15 minutes (Kirschner & 
Mitchison, 1986). We have shown that in epithelial Madin-
Darby canine kidney (MOCK) cells in culture, numerous 
microtubules are stable, having a half life of about 30 min. 
Moreover, most of these microtubules appear not to be 
nucleated by the centrioles. In collaboration with Thomas 
Kreis, we have shown that the stable non-centrosomal 
microtubules are enriched in a specific form of post-
translationally detyrosinated a-tubulin. Microtubule stabiliza-
tion in vivo seems to be a slow and complex process and 
a-tubulin detyrosination may be involved (Bre et a/.,1987). 

By injecting foreign tubulin (Paramecium) which can be 
detected by a specific antibody, we have confirmed that 
microtubules originate from several different sites in sub-
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confluent MDCK cells, suggesting that nucleating material 
is dispersed in these cells. The precise location of newly 
nucleated microtubules has been determined by double 
immunofluorescence and confocal microscopy. Moreover, 
we have shown that centriole splitting is induced by the 
establishment of cell contacts. The actual position of the 
centrioles is determined by the action of microtubules and 
microfilaments (Buendia et al., 1990). 

Observation of microtubules by confocal microscopy in iso-
lated MDCK cells grown on filters showed that the mi-
crotubules originate from a broad region located close to 
the nucleus. Following the establishment of contacts, and 
final polarization, this region is relocated together with the 
centrioles in the apical region of the cells. In polarized cells, 
microtubules run from the apical to the basolateral region in 
large bundles. Their plus end is located in the basal part of 
the cells (Bacallao et al., 1989). 

This polar distribution of microtubules is certainly important 
for the polarized intracellular transport of vesicles. In fact, 
the Golgi apparatus that is located close to the nucleus in 
isolated MDCK cells spreads out following the establishment 
of cell contacts and is relocated in the apical region of fully 
polarized cells. In other words, the Golgi apparatus always 
migrates in the region of the cell where the minus end of 
microtubules is positioned. How the location of the minus 
end of microtubules is determined in the cell remains to be 
investigated. 

This work involves collaborations with the groups of Kai 
Simons, Wilhelm Ansorge and the Physical Instrumentation 
Programme at EMBL and the group of A. Adoutte at Gif-sur-
Yvette, France. 
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Endocytosis in animal cells 

Group leader: G. Griffiths 

Fellow: R. Parton 

Visitors: C. Antony*, Y. Deng*, A. Dregger*, A. Oprins, N. Roos*, B. Sodeik*, C. Tachetti*, S. Vilaro*, F. Vogel*, M. Zanetti* 

Assistants: R. Hollinshead, H. Horstmann 

During 1989 our group has continued to focus on the eluci-
dation of the pathways of membrane traffic and, in particular, 
the detailed characterization of the compartments involved 
in endocytosis and the biogenesis of Iysosomes. 

The data obtained in 1989 on non-polarized tissue culture 
cells were consistent with the model for membrane traffic 
outlined in the 1988 report and are shown again in Plate 4. 

PLATE 4 
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Current model of the compartments of membrane traffic in non-
polarized cells. 

The main features of this model can be summarized as 
follows: 

(1) For the exocytic pathway, the last Golgi compart-
ment, the trans-Golgi network (TGN) is a major sorting 
site for the bulk of endoplasmic reticulum-synthesized 
membrane and soluble proteins. Following synthesis 
these proteins are all transported by vesicular trans-
port from the endoplasmic reticulum (ER) through the 
Golgi compartments until they reach the TGN where 
the pathways diverge. Here, the two distinct routes to 
the plasma membrane, the constitutive and (in secre-
tory cells) the regulated pathways, must be separated 
from the pathway which delivers newly synthesized 
lysosomal enzymes into the endocytic pathway. The 
latter class of proteins acquires a unique phosphate 
on selected mannose residues in their glycoprotein 
backbone at an early step in transport from the ER. 
This covalent modification enables these proteins to 
bind with high affinity to one of two different mannose 
6-phosphate receptors (MPR) in the TGN, the 300 kDa 
cation-independent (CI) MPR or the 46 kDa cation-
dependent (CD) MPR. The latter event leads to the 
sorting of these lysosomal enzymes into clathrin-coated 
vesicles that are then targeted to an endosome com-
partment. 

(2) The endocytic pathway has four distinct structures, 
namely, the early endosome, the endosome vesicle, 
the late endosome (or prelysosomal compartment) and 
the lysosome. Our current idea is that the early and 
the late endosomes serve as crucial early and late 
sorting sites along the endocytic pathway in a fash-
ion analogous to the role of the TGN in the exocytic 
pathway. Both endocytic compartments must be able to 
form vesicles that are targeted to at least two different 
sites. Thus, the early endosome forms vesicles that 
recycle receptors back to the plasma membrane as 

27 



well as vesicles that move distally along the endocytic 
pathway. Whereas the recycling vesicles are poorly 
characterized we have presented evidence that the 
large membrane-filled endosome vesicles are the ve-
hicle for transporting material from the early to the late 
endosome (Gruenberg et at., 1989). Similarly, the late 
endosome must be able to form the vesicles that en-
able the MPRs as well as other receptors to recycle and 
it must somehow form the (MPR-negative) lysosomal 
vesicles themselves. At present very little is known 
about the latter events. 

(3) The early and late endosomes are, like the TGN, 
structurally complex in three dimensions. Elements of 
the early endosomes show a striking tendency in vitro 
to fuse with each other but not with other compartments 
of the endocytic pathway (see the report by Gruenberg 
& Hoflack); as yet this has not been shown in vivo. 
For the late endosome, however, we have recently 
acquired data that show that this compartment will 
also rapidly fuse with itself in vivo. This work, done in 
collaboration with Yuping Oeng (who spent 4 months 
at EMBL) and Brian Storrie (Virginia Polytechnic) re-
lies on the approach of fusing mouse and. rat cells. 
Using species-specific antibodies for late endocytic 
compartments, as well as using MPR and other en-
docytic markers, the experiments showed clearly that 
elements of the late endosomes from rat and mouse 
cells fuse rapidly (within 30-60 mins at 37°) to form 
a larger perinuclear compartment. These data sug-
gest that, whatever the functional significance of these 
inter-organelle fusions, the early and late endosomes 
behave as distinct compartments. Other distinctions 
can be made. They have different locations in the 
cell (the early endosomes are more peripheral in the 
cell) as well as different luminal pHs (work from the 
groups of Murphy and Mellman in the USA in particular 
has shown that early endosomes have a pH around 6 
while later compartments acidify to about pH 5). Recent 
preliminary data from Robert Parton suggest in addition 
that they may possess distinct GTP-binding proteins on 
their cytoplasmic surfaces (see below). 

In contrast to the early and the late endosomes, the en-
dosome vesicle and the lysosome are relatively simple 
spherical bodies (notwithstanding the internal membranes in 
the endosome vesicles). Both appear to bind to, and, most 
likely, move in directional fashion along microtubules (Mat-
teoni & Kreis, 1987; Gruenberg et at., 1989). In collaboration 
with Jean Gruenberg, attempts are underway to character-
ize further the endosome vesicles and to understand more 
about their structural organization and about their binding 
to microtubules. With both Jean Gruenberg and Bernard 
Hoflack we would also like to address in the coming year 
the enigmatic problem of how Iysosomes form from the late 
endosomes, primarily using in vitro approaches. 

In collaboration with the group of Stuart Kornfeld (St. Louis) 
and Bernard Hoflack we have studied the distribution of the 
CO MPR in transfected cells. Unlike the CI MPR which 
is mostly in the late endosomes at steady state the CD 
MPR is distributed about equally between the early and late 
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endosomes. The Kornfeld group have now made different 
mutations in the cytoplasmic tail of this receptor, many of 
which modify its function, and we are presently looking 
at their distribution. The need for two different receptors 
remains an enigma. 

Robert Parton has continued his work on the characteri-
zation of the endocytic pathway in the polarized epithelial 
cell-line, Madin Darby canine kidney (MOCK), in collabora-
tion with Kai Simons' group. The initial studies showed that 
the MOCK cell possesses two distinct sets of peripherally-
located early endosomes into which markers pass at early 
times of internalization. At later times these markers move 
from early endosomes and meet within an MPR-enriched 
late endosome before reaching the MPR-negative Iyso-
somes. In 1989 this analysis was continued by using quan-
titative electron microscopic methods. Stereological esti-
mates were obtained for the absolute volume per cell of 
the endocytic compartments on the two pathways, allow-
ing a direct comparison with biochemical measurements 
of the fluid-phase uptake rates. Of particular interest was 
the finding that the ratios of basolateral (BI) to apical (Ap) 
plasma membrane surface area, BI to Ap fluid-phase uptake 
rates and BI to Ap early endosome volume were all very 
similar. This suggests that total fluid-phase uptake may be 
dependent on the surface area available for endocytosis 
and may be correlated to the size of the early endosomes. 
The Iysosomes occupied about half the volume of the late 
endosomes. Consistent with this, particulate markers, on 
passing from the late endosomes to Iysosomes, became 
concentrated approximately two-fold. 

Recent efforts have also focused on the role of microtubules 
in endocytosis. After microtubule depolymerization, BI and 
Ap endocytic markers were predominantly restricted to the 
periphery of the cell. Meeting of Ap and BI markers in 
the MPR-positive prelysosomal structures was dramatically 
reduced and the markers were predominantly in two types 
of structure: tubular/cisternal early endosomes and spherical 
vesicles of diameter nm. The latter are similar mor-
phologically to the endosome vesicles described above for 
non-polarized cells. When the microtubules were allowed 
to repolymerize, the apical and basolateral markers were 
no longer visualized in distinct endosome vesicles but now 
co-localized in late endosome structures in the perinuclear 
region of the cell. 

Insights into the complex mechanisms involved in endocy-
tosis in the MOCK cell have also come from two additional 
collaborations which Robert Parton has been undertaking 
with other groups within EMBL. First, Morgane Bomsel 
from Jean Gruenberg's group has been using an in vitro 
approach to study the endocytic pathways in the MOCK cell 
(see Gruenberg report). Second, working with Marino Zerial 
and Philippe Chavrier the intracellular location of a number 
of GTP-binding proteins have been examined (see Simons' 
report). Analogous proteins in yeast have been shown to be 
involved in various steps of membrane traffic and many in 
vitro membrane transport events have been shown to be 
blocked by the non-hydrolyzable analogue of GTP, GTPgS. 
So far, the distribution of three such proteins has been 
investigated in non-polarized cells. Our preliminary results 



PLATE 5 

Polarized monolayers of MOCK cells on filters were biotinylated ba-
solaterally for 30 minutes at DoC and then either fixed immediately 
(a) or incubated for 3 hours at 37°C before fixation (b). Cryosections 
were prepared and labelled with streptavidin-gold. 

In (a), labelling is restricted to the basal surface and the lateral 
membranes (indicated by arrowheads) below the tight junction 

suggest that one of these proteins is on the exocytic path-
way, predominantly on the cis-side of the Golgi. The other 
two proteins appear to be associated with the endocytic 
pathway, one on late endosomes and the other restricted to 
the early endosomes and plasma membrane. Future work 
will be aimed at determining whether these proteins are 
involved in specific steps in membrane traffic. 

The transcytotic pathways of membrane proteins in polar-
ized cells such as the MDCK cell have recently been the 
focus of investigation by the Simons' group. Andre Brandli 
has used a biochemical approach to identify a number of 

(large arrow) and there is negligible labelling on the apical surface 
(A). 

After 3h at 37°C (b), the labelling on the lateral surface is re-
duced and significant labelling is now present on the apical surface 
suggesting that significant transcytosis of biotinylated membrane 
proteins has occurred. 

membrane proteins passing from one surface to the other. 
In a complementary electron microscopic study by Robert 
Parton the Ap or BI surface domains of the MDCK cell were 
biotinylated, internalization was allowed to occur for various 
times and then the distribution of the biotinylated proteins 
was looked at using streptavidin-gold. Using this method 
it could be shown that a significant amount of transcytosis 
of membrane proteins occurred in both directions (Plate 5). 
Quantitation of these results showed that 7% of the initially 
BI marker had reached the Ap surface after 3h and 16% 
had passed in the reverse direction from Ap to BI. After 
microtubule depolymerization, BI to Ap transcytosis was 
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reduced by approximately 60%. As well as providing figures 
for the total transcytotic flow in the MDCK cell, this system 
is an excellent one to study the pathways and mechanisms 
of transcytosis in more detail. For this goal we shall also 
be aided by the availability of MDCK cells that have been 
transfected with the poly IgA receptor, a project undertaken 
in collaboration with Keith Mostov (University of California, 
San Francisco). This receptor is directed after synthesis 
to the BI surface where it binds IgA and the complex is 
transported across the cell to the apical plasma membrane. 

Kai Simons' group has shown previously in MDCK cells that 
along the exocytic route the post-sorting site of the viral 
glycoproteins leaving the TGN consists of carrier vesicles di-
rected to either the apical or basolateral plasma-membrane 
domain. The precise delivery of these carrier vesicles most 
likely requires a polarized subcellular organization which is 
responsible for the right targeting. As the delivery of the api-
cal carrier vesicle appears to be mediated by microtubules -
(Van der Sluijs et al., 1990) - Claude Antony approached the 
organization of the microtubule network at the ultrastructural 
level. Together with Carlos Dotti in Kai Simons' group they 
determined the polarity of the microtubules in fully polarized 
MDCK layers (using the "hook" method) and showed a 
striking polarized distribution. Hence, the nucleating ends 
(minus ends) were all located apically while the growing 
ends (plus ends) faced the basal side (Bacallao et al., 1989). 
Further detailed studies are now in progress to describe the 
ultrastructural organization of these polarized microtubules 
and to understand how they are nucleated in the apical 
region. 

Other projects 

(1) Beate Sodeik, a first-year predoctoral student has initi-
ated a new project looking at the biogenesis of Vaccinia 
virus in collaboration with Henk Stunnenberg's group. 

(2) In collaboration with Stephen Rabinowitz and Simon 
Gordon (Oxford) we have been studying the relation-
ship of the endocytic pathway to the phagocytic path-
way in macrophages. 

(3) In collaboration with Walter Neupert's group (Munich) 
we have been attempting to characterize the "contact 
sites" between the outer and inner mitochondrial mem-
branes (see Sellner et al., 1989). 

(4) With Adrianus Oprins and Jan Slot (Utrecht) we have 
been looking at new approaches for quantitating anti-
gens on sections. We are especially interested in quan-
titating the movement of solute along the endocytic 
pathway. 

(5) With Norma Andrews (New York) we have been local-
izing key events in the entry of Trypanosoma cruzi into 
macrophages. 

(6) With the group of Mark Marsh (London) we have made 
stereological estimates of the surface areas and vol-
umes of the endocytic compartments of celis trans-
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fected with the CD4 molecule. The latter functions as a 
receptor for the human immunodeficiency virus, whose 
entry into cells has been extensively studied by this 
group. 

(7) With Harmut Beug we have been continuing endocytic 
studies on various chicken erythroblast cell-lines where 
the localization of the oncogene erbB has been the 
main focus. 

(8) With Peter Rattier (Utrecht) we have studied the lo-
calization of corona virus proteins E1 and E2 in trans-
fected cells. 

From August 14-24 we ran an EMBO course "Cryo-section 
immunolabelling and quantitation" for 16 students. 
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The cell nucleus - Molecular analysis of nuclear structures essential for cell division 

Scientist: E.C. Hurt 

Fellows: M.C. Fonseca, A. Mutvei, R. Jansen, U. Nehrbass 

Student: T. Schimmang 

Assistant: H. Kern 

Essential structural components of the nuclear periphery 
and the nucleolus in eukaryotic cells are not known so far. 
The yeast Saccharomyces cerevisiae offers an attractive 
system to investigate the in vivo role of such components 
because this organism is easily amenable to genetic ap-
proaches. We have previously identified novel components 
of the nuclear periphery and the nucleolus in yeast which 
allowed us to start a molecular analysis of yeast nuclear 
structures (Hurt et al., 1988; Hurt, 1988). 

NSP1, a novel protein with repetitive sequences, 
is located at the nuclear periphery and at 
the nuclear pores 

By indirect immunofluorescence microscopy using affinity-
purified antibodies, NSP1 was shown to be located at the 
nuclear periphery (Hurt, 1988): in yeast, the nuclear bound-
ary was stained in a dot- and ring-like manner and some 
of the larger dots also corresponded to the position of the 
spindle pole body. To reveal the exact subnuclear location 
of NSP1, immunocytochemical labelling of thin-sectioned 
yeast cells was performed (with the help of B. Marshallsay, 
Basel, Switzerland and Heinz Horstmann and Gareth Grif-
fiths, EMBL). Specific immunogold labelling was found at 
the nuclear periphery, particularly at the nuclear pores. In-
terestingly, monoclonal antibodies against mammalian pore 
complex proteins (Davis & Blobel, 1986) cross-reacted with 
yeast NSP1 on immunoblots and co-localized by indirect 
immunofluorescence (Davis, L., Hurt, E.C. & Fink, G., un-
published results). It therefore appears that NSP1 is an 
evolutionary conserved protein of the nuclear periphery and 
presumably a component of the nuclear pores. 
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The NSP1 protein contains domains with different 
functional significance 

NSP1 is an essential gene required for cell growth (Hurt, 
1988). Furthermore, strong overproduction of NSP1 also 
causes cell death leading to a breakdown of the cellular 
and organellar structures (Hurt, 1989). It thus appears that 
extensively overproduced NSP1 affects the overall cellular 
organization. According to the amino-acid sequence, the 
NSP1 protein appears to comprise three different domains: 
a middle domain composed of 22 tandem repeat units, 
an amino-terminal domain which also reveals a repetitive 
organization and a carboxy-terminal domain which shows 
within a stretch of 50 amino-acids a partial sequence ho-
mology to the parvalbumins which belong to "EF-hand" 
calcium-binding proteins. The carboxy-terminal domain of 
NSP1 is absolutely necessary for the NSP1 function. Delet-
ing this part gives a non-functional protein in an in vivo 
complementation assay. On the other hand, the amino 
and middle domain of NSP1 containing the repetitive tan-
dem sequences are dispensable for cell growth since the 
carboxy-terminal domain alone can complement a mutant 
lacking NSP1. NSP1 therefore consists of a non-essential 
repetitive domain (the first 603 amino-acids) and an es-
sential C-terminal domain mediating the vital function of 
NSP1. Repeat sequences derived from the repetitive middle 
domain of NSP1 can direct the attached passenger protein 
E.coli ,6-galactosidase to the nucleus in yeast as shown by 
indirect immunofluorescence microsocopy and subcellular 
fractionation. Thus, the repetitive domain of NSP1 might 
be involved in nuclear association. At present it is unclear 
why the NSP1 repetitive domain is not required for an 
essential function in yeast, but its loss may be compensated 



by another protein carrying similar repetitive sequences. A 
NSP1-related protein (called NSP2) has been identified in 
yeast which cross-reacts with epitope antibodies against the 
NSP1-middle repetitive domain. NSP2 which co-fractionates 
with NSP1 during subcellular and subnuclear fractionation 
may thus contain a repetitive domain similar to NSP1. 
We are currently testing whether NSP1 and NSP2 form 
a complex (Le. a heterodimer) mediated by the essential 
G-terminal domain and associate with nuclear structures 
via repetitive protein sequences. Point mutations in the 
G-terminal domain of NSP1 have been generated to analyze 
the role of this part of the protein in the cell-cycle. By this 
approach, a temperature-sensitive nsp1-mutant yeast was 
obtained which even at the permissive temperature (23° G) 
grew very slowly. At the permissive temperature, this mutant 
showed a retarded growth in a certain cell cycle stage (late 
nuclear division or beginning of G1). The S-phase of the 
cell cycle which reflects the budding process, however, was 
normal in the mutant. In addition, the nsp1 ts mutant reveals 
abnormalties of microtubule organization, NSP1 immunoflu-
orescence staining and nuclear structure as visualized by 
DNA-staining. This phenotype of altered nuclear and mic-
trotubule organization could point to a role of the NSP1 
G-terminus in nuclear structure, but also a defect in nuclear 
transport could have caused the pleiotrophic defects of the 
mutant. Intragenic suppressors of the nsp1 ts mutant were 
isolated. A single proline residue which had been gener-
ated by site-specific mutagenesis caused the temperature-
sensitive growth. All 37°G suppressors had converted the 
proline into another residue, predominately a hydrophobic 
leucine. We speculate that an a-helical structure in the 
G-terminal domain of NSP1 is required for NSP1-function. 

NSP1-related proteins in mammalian cells 

Monospecific antibodies were affinity-purified against the 
yeast NSP1 protein and cross-reactive Hela proteins. By 
indirect immunofluorescence these antibodies stained the 
periphery of interphase HeLa cell nuclei in a finely punctate 
manner similar to nuclear pore labelling. Furthermore, the 
staining persisted after extraction of cells with Triton X-100, 
high salt and nucleases, a characteristic of nucleoskele-
tal structures. During mitosis, labelling was concentrated 
around chromosomes and, additionally, centrosomal stain-
ing could also be observed. We are currently cloning NSP1-
relat 8d genes from mammalian systems to learn more about 
these conserved eukaryotic nuclear proteins. 

NOP1 and human fibrillarin - Highly homologous 
proteins which are located In the nucleolus 
and associated with small nucleolar RNA 

Within the eukaryotic nucleolus, ribosomal rRNA processing 
and ribosomal assembly takes place. A major 38 kDa nu-

cleolar protein (NOP1) has been identified in yeast which 
appears to play a central role in nucleolar structure and 
function. NOP1 is located in a substructure of the yeast 
nucleolus which most likely corresponds to the fibrillar cen-
tres of the mammalian nucleolus (Hurt et al., 1988) and is 
associated with different small nucleolar RNAs (Schimmang 
et al., 1989; in collaboration with David Tollervey's group, 
EMBL). An autoimmune serum from a scleroderma patient 
containing a high titer of human anti-fibrillarin antibodies 
reacted with the yeast NOP1 protein. By indirect immunoflu-
orescence, the anti-NOP1 antibodies stained the nucleoli of 
mammalian cells. 

The NOP1 gene has been cloned from a yeast genomic 
library. NOP1 is a protein of 327 residues that is essential for 
cell growth, since haploid yeast cells carrying an interrupted 
copy of the NOP1 gene are not viable. 

Human fibrillarin has been cloned from a Hela eDNA-library 
by the polymerase chain reaction (PGR). Yeast NOP1 
and human fibrillarin are 70% identical and contain repet-
itive sequences at the amino-terminus rich in glycines and 
arginines. The gene coding for the human fibrillarin can 
complement the yeast mutant lacking its endogenous NOP1 
gene. Taken together, these results show that NOP1 is the 
homologue of human fibrillarin and fulfils a basic, highly 
conserved nucleolar function. 
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Molecular mechanisms of Intracellular sorting 

Group leader: D. Vaux 

Fellows: R. Hendriks*, A. Luzzago, N. Mize 

Assistant: M. Kail 

The controlled movement of proteins between intracellular 
compartments is essential for the survival of eukaryotic cells. 
The ordered interaction of organelles requires signalling 
within the cytoplasm and the appropriate traffic of both 
soluble and membrane proteins within organelles requires a 
second set of sorting signals. These sorting and signalling 
events are inferred from the observed behaviour of ligands 
and organeli9s within cells but little is yet known about the 
receptor proteins involved. We have used immunological 
techniques, especially the production of monoclonal internal 
image anti-idiotype antibodies, to reconstruct the receptor-
ligand interactions which underlie several of these sorting 
events. 

Viral budding model of protein sorting 
(Alessandra Luzzago) 

The enveloped single positive strand RNA alphavirus, Sem-
liki Forest virus, produces progeny virions by a highly spe-
cific budding step at the plasma membrane of an infected 
mammalian cell. During this budding, the efficient incorpora-
tion of viral spike glycoproteins and exclusion of host mem-
brane proteins is apparently the consequence of a specific 
interaction between the intracellular nucleocapsid and the 
cytoplasmic tail of the E2 viral spike glycoprotein (Vaux et 
al., 1988). The anti-idiotype antibody F13 produced in this 
study is now being used to monitor assembly of recombinant 
capsid expressed in Ecoli. Preliminary evidence suggests 
that the capsid protein in Ecoli not only undergoes auto-
proteolytic cleavage, but also many of the steps of the as-
sembly pathway, including becoming tightly associated with 
RNA, but not DNA. This material does not acquire the F13 
epitope; it is possible that signals present in the viral genome 
are essential for the full maturation of the nucleocapsid into a 
budding competent F13 positive structure. We are now test-
ing this hypothesis by co-expression of defective interfering 
RNA sequences with capsid in Ecoli. Image reconstructions 
based upon cryo-electron micrographs of these two forms 
(in collaboration with the group of Stephen Fuller, Biological 
Structures Programme) should confirm the organization of 
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the nucleocapsid, demonstrate that this structure can be 
self-assembled by the capsid protein in the absence of other 
viral structural proteins, and provide some insight into how 
the structure changes to expose or create the F13 site. 

Sorting of receptors into coated pits (Nancy Mize) 

The efficient endocytosis of many plasma membrane re-
ceptors depends upon their prior clustering into coated 
pits, transient specialized regions of the plasma membrane 
characterized by a cytoplasmic coat of clathrin and a family 
of associated proteins. There is now good evidence that 
this behaviour may be mediated by the cytoplasmic domain 
of the receptor, but it has not proved possible to discern 
a simple consensus sequence which confers the clustering 
phenotype, although it is clear that an appropriately placed 
tyrosine residue is often crucial. 

We have made use of synthetic peptides corresponding to 
the cytoplasmic domain of the human low density lipoprotein 
(LDL) receptor to generate first polyclonal and subsequently 
monoclonal antibodies which recognize the Wild-type cy-
toplasmic domain selectively over a domain which differs 
only in having the single tyrosine (Y80?) substituted with 
cysteine. This single change has already been shown to be 
sufficient to abolish the clustering of the receptor. Epitope 
mapping in collaboration with Rainer Frank's group confirms 
that the antibodies exclusively recognize an eight residue 
sequence around the tyrosine residue. These antibodies 
recognize a family of receptors which can be found in iso-
lated coated vesicles, including the LDL receptor, the large 
mannose-6-phosphate receptor, the LDL receptor related 
protein (LRP) and the poly-Ig receptor. In each case the 
recognition is of the cytoplasmic domain in the vicinity of the 
crucial tyrosine residue, and can be greatly reduced by the 
substitution of the tyrosine with a non-aromatic residue. The 
antibodies fail to label peptides corresponding to the cyto-
plasmic domain of the transferrin receptor and the asialogly-
coprotein receptor, class " transmembrane proteins which 
also cluster into coated pits. 



PLATE 6 

Electron micrograph of recombinant capsid particles isolated from 
E.coli expressing the Semliki Forest virus capsid protein in the 
absence of other viral proteins. The capsid protein shows a marked 
capacity for self assembly. 
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(a) Specific antibodies generated to the low density lipoprotein 
receptor cytoplasmic tail recognize the wild-type peptide (YSO?) 
more efficiently than the JD mutant peptide (CSO?) and specifically 
recognize the tyrosine containing domain on pins 11-16. 
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PLATE 8 

Third round antibodies, which are anti-anti-idiotype with respect to 
the starting antigen, can be obtained by immunization of syngeneic 
mice with fixed hybridoma cells (Panel A) or by growing hybridomas 
as ascitic tumours in unirradiated syngeneic mice and analysing 
the primary IgM response (Panel B). Both of the anti-idiotype 
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These results lead us to conclude that the monoclonal 
antibody defines one class of clustering signal found in the 
cytoplasmic domains of some receptors which are efficiently 
internalized via coated pits. This antibody is, therefore, an 
excellent candidate idiotype for the generation of internal 
image anti-idiotype antibodies to identify the component of 
the coated pit responsible for recognizing the clustering 
signal. Preliminary evidence suggests that such antibodies 
identify a single novel species in isolated coated vesicle 
preparations and this protein is now under close study. 

Receptor mediated retention of soluble resident 
proteins in the ER (Rob Hendricks in collaboration 
with John Tooze and Stephen Fuller) 

The correct routing or retention of soluble proteins also 
requires sorting, but in this case intraluminal sorting of 
soluble ligands by membrane bound receptors. A good 
example is the retention of soluble proteins in the lumen of 
the endoplasmic reticulum (ER), which requires the sorting 
signal -KDEL and is mediated by a specific -KDEL receptor. 
In collaboration with the groups of Stephen Fuller and John 
Tooze, we have recPl1tly identified this recept0f using anti-
idiotype antibodies prepared by starting from synthetic pep-
tides containing the retention signal. Two separate routes 
using different -KDEL terminated peptides were used; firstly, 
paired in vitro immunization with the grp94 tail peptide, and, 
secondly, conventional sequential in vivo immunization with 
the protein disulphide isomerase tail peptide. Both of these 
routes lead to the production of independent monoclonal 
anti-idiotype antibodies which recognize the same low abun-
dance 72 kDa transmembrane protein, ubiquitously present 
in all vertebrate cell-lines tested. The anti-idiotype antibod-
ies were validated by the generation of anti-anti-idiotype 
reagents, which were shown to recognize the starting -
KDEL peptide antigens. Each anti-idiotype gave rise to third 
round antibodies which recognized multiple -KDEL peptides, 
including those other than the one used to generate the 
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hybridomas elicit third round responses specific for multiple -KDEL 
terminated peptides and which do not recognize -KDELGL or -HDEL 
ligands (KETE = KETEKESTEKDEL, KAVK = KAVKDEL, KDDD 
= KDDDKAVKDEL, KEED = KEEDTSEKDEL, KSEK = KSEKDEL, 
KX5 = KXXXXXKDEL, K ... GL = KSEKDELGL). 
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anti-idiotype. None of the third round antibodies recognized 
peptides terminated with the ineffective signal -KDELGL, 
nor -HOEL, the retention signal employed by the yeast 
Saccharomyces cerevisiae. Isolated receptor was shown to 
bind to -KDEL but not to -KDELGL terminated ligands, and 
to do so in a Ca++ and pH dependent manner. 

One of the original monoclonal anti-idiotype antibodies, 5D3, 
gave good immunofluorescence staining of tissue culture 
cells and enabled us to show that the receptor is localized 
to an intracellular compartment different from ER or Golgi. 
Experiments with temperature blocks and drugs interfering 
with ER to Golgi transport, such as Brefeldin A, led us to 
conclude that the receptor is present at its highest concen-
tration in the cellular compartment variously defined as the 
"15°C compartment", the "intermediate compartment" or the 
"salvage compartment". The location and low abundance 
of the receptor are consistent with its proposed role in 
an enzymatic system designed to retrieve ligands from a 
downstream compartment and recycle them to the ER. Re-
cently we have obtained conventional polyclonal and mono-
clonal antibodies to the isolated receptor protein which have 
already confirmed many of the results obtained with the 
less reliable anti-idiotype reagents. Further characterization 
of this new receptor by cDNA cloning and more detailed 
biochemical and immunocytochemical analysis is now being 
undertaken. 
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Differentiation Programme 

Introduction 

When the Differentiation Programme was founded 7 years 
ago, the main research emphasis was on the mecha-
nisms by which oncogenes affect the growth and differ-
entiation of eukaryotic cells. These genes, first discovered 
in highly oncogenic retroviruses, correspond to altered or 
inappropriately expressed cellular genes known as proto-
oncogenes. Many of these proto-oncogenes turned out to 
encode growth factors, growth factor receptors, cytoplasmic 
signal relay stations or nuclear proteins (including transcrip-
tional regulators). A significant contribution to the under-
standing how serum growth factors trigger expression of 
genes in fibroblasts was made by Rodrigo Bravo who has 
left the EMBL to work in the USA. Other groups within 
the Programme have continued to investigate how ras and 
src mediate signal transduction in yeast and mammalian 
cells, and how nuclear oncogenes affect haematopoietic 
cell growth and differentiation. In the area of nuclear onco-
genes and transcriptional regulation the Programme has 
recently received reinforcement with the appointment of 
Dirk Bohmann as a new group leader. He and his collab-

orators work on the mechanism by which the jun onco-
gene product becomes activated as a transcriptional reg-
ulator. 

Studies throughout the world have established a role for 
proto-oncogenes not only in growth control but also in 
differentiation and development. At the same time another 
class of genes important for development has been discov-
ered, the "homeobox" genes, which encode a new type of 
transcriptional regulators. With the accumulated knowledge 
on proto-oncogenes and homeobox genes the Programme's 
emphasis has recently been expanded towards more com-
plex biological systems in which embryonic development 
and pattern formation can be studied. 

With the joining of Rolf Zeller as another new group leader 
three groups now form a new focus on the molecular mech-
anisms of limb development, studying genes which are likely 
to playa role in determining the principal axes of developing 
limbs. 
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How does the myb oncogene transform avian haematopoietic cells? 

Group leader: T. Graf 

Scientists: A. Leutz, S. Ness 

Fellows: T. Casini, J. Frampton, F. Lim, T. Metz, T. Nakano, G.E. Sterneck 

Assistants: G. D6derlein, S. Grieser, A. Marknell 

Oncogene-carrying avian leukemia viruses are power-
ful tools to analyse mechanisms of transformation of 
haematopoietic cells and to unravel basic principles of cell 
differentiation. These viruses are able to cause leukemias 
in animals and to induce efficiently the proliferation of 
haematopoietic progenitor cells in culture. In addition, most 
viral oncogenes characteristically transform cells within a 
specific lineage (even though oncogene products can also 
be expressed in nontarget cells). We have recently become 
particularly interested in the mechanism of action of the viral 
oncogenes myb and ets, which are known to be expressed 
in the nucleus and both of which most likely encode tran-
scriptional regulators. 

Identification of a first gene directly regulated 
by the v-myb oncogene 

The v-myb oncogene has been acquired independently dur-
ing evolution from the chick genome by two different avian 
acute leukemia viruses, E26 and AMV. These viruses trans-
form avian haematopoietic cells in culture which resemble 
immature cells of the myelomonocytic lineage. Interestingly, 
they exhibit a high degree of target cell specificity and 
do not, for example, transform fibroblasts as most other 
oncogenes do. Since v-myb encodes a nuclear protein 
which binds to specific DNA sequences (8iedenkapp et 
al., 1988) and whose DNA-binding domain has a distant 
homology to homeobox proteins (Frampton et al., 1989) we 
set out to search for cellular genes that are regulated by 
the oncogene. To do so we used a mutant of E26 virus 
which is temperature-sensitive (ts) for transformation and 
which exhibits a point mutation in its DNA-binding domain. 
This mutant is capable of transforming bone marrow derived 
myeloblasts at 37°which differentiate and become quiescent 
after shift to 42°, a process which is reversible (8eug et 
al., 1989; Ness et al., 1989). Using differential hybridization 
we identified a cDNA clone which detects a gene whose 
expression increases rapidly when myb is reactivated during 
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temperature downshift. The corresponding gene, which we 
designated mim-1 (for myb-induced myeloid), contains a 
cluster of three sequences in its promotor which can bind 
bacterially expressed v-myb protein, as demonstrated by 
bandshift and footprint experiments. Transfection experi-
ments using a construct containing mim-1 promotor se-
quences linked to a reporter gene showed that these sites 
are both required and sufficient for activation by both the 
v-myb and c-myb genes. When studying the expression of 
the gene in normal cells we found it to be confined to the 
myeloid lineage of haematopoietic cells, being particularly 
abundant in immature granulocytes (promyelocytes) but not 
in closely related cells of the macrophage lineage. Using 
antibodies prepared against bacterially expressed protein 
we detected a 37 kDa mim-1 polypeptide which was stored 
in the granules of promyelocytes and secreted into the 
supernatants of E26-transformed myeloblasts. Although we 
have no evidence to suggest a role for mim-1 in trans-
formation, our results indicate that the v-myb and c-myb 
genes encode tissue-specific transcriptional activators that 
determine whether a myeloid cell differentiates along the 
granulocytic or monocytic (macrophage) lineage. 

Point mutations In the DNA-binding domain 
of v-myb lead to changes In the phenotype 
of myeloid cells transformed by the oncogene 

In the course of our studies we discovered that, in contrast 
to myeloid cells transformed by E26, AMV-transformed cells 
do not express the mim-1 gene. In addition, these cells 
closely resemble macrophage precursors while E26 cells 
share properties with granulocyte precursors. We therefore 
set out to determine the molecular basis of these differences 
by constructing a number of chimeras between the two 
viruses. We found that the critical differences reside in the 
DNA-binding domain of the v-myb protein. Whenever a 
viral construct contained an E26-like DNA-binding domain, it 
transformed cells with a myeloblast/granulocyte phenotype. 



In this region myb of AMV contains a number of point 
mutations as compared to v-myb of E26 or c-myb, three of 
which are located in the second repeat of the tripartite DNA-
binding domain of the protein. Surprisingly, it is sufficient to 
backmutate any of these three point mutations to the original 
configuration to generate an artificial retrovirus encoding 
a myb protein capable of activating the mim-1 gene. In 
addition, the transformed cells now express granules char-
acteristic of immature promyelocytes (the story is somewhat 
more complicated in that there are subtle but significant 
differences between the phenotypes of cells transformed 
by the different mutants). These AMV mutants, which are 
capable of transforming myeloid cells with a promyelocyte 
phenotype, are reminiscent of the ts1.1 E26 mutant which 
we described earlier (Golay et al., 1988) and which has 
a lesion in v-ets. We now think that the v-ets domain 
can somehow interact with the v-myb protein and that it 
can modify its DNA-binding domain, perhaps by generating 
structural alterations which resemble those of the mutant 
proteins discussed above. Taken together our observations 
indicate that slightly different forms of the v-myb protein are 
capable of activating common as well as distinct sets of 
genes, the combination of which determines, at least in part, 
whether the transformed myeloid target cell will resemble a 
macrophage or a granulocyte precursor. We are currently 
searching for genes other than mim-1, which are not ex-
pressed in AMV-transformed macrophage precursors but 
in granUlocyte-type cells transformed by the AMV mutants. 
With this approach we hope to identify additional members 
of the family of genes regulated by myb during myeloid cell 
differentiation. 
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Molecular biology of mammalian development 

Group leader: U. ROther 

Fellows: D. 8achiller, C. Murphy*, C.E. <>.titt, T. Rijkers, T. Schimmang* 

Visitors: R. Schmutzler* 

Assistants: T.M. Pohl, C. Woodroofe 

The aim of our research is to analyse the genetic pro-
gramme of mammalian development. Several different 
methods are used to study either the regulation and func-
tion of known genes (transgenic mice) or to isolate novel 
genes with particular functions in developmental processes 
(insertional mutagenesis). 

Studies to analyse the function of certain 
genes in development 

We have continued our efforts to study the function of 
the proto-oncogene c-fos in vivo by analysing a number 
of transgenic mouse lines which carry different c-fos gene 
constructs in their germ line. As previously reported (1988), 
we have found a correlation between the phenotype and the 
type of construct expressed in transgenic mice (Table 1). 

Table 1 

c-Ios Expression In Transgenic Mice 

Construct Expression Phenotype 

h·MT c-fos low, some organs no 

h·MT c-fos LTR high, several organs bone lesions + 
tumours 

H2 c-fos high, several organs hyperplasia of 
thymus epithel 

H2 c-fos LTR high, several organs bone lesions + 
tumours 

HMG c-fos LTR low, some organs none or 
bone tumours 

MMTV c-fos 0 low uninduced, no 
high induced 

Mx c-fos 0 very low uninduced, no 
high induced 
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Currently we are investigating in collaboration with Jorg 
Schmidt (GSF, MOnchen) and Erwin F. Wagner (IMP, Vi-
enna) the target cell of c-fos action in bone tissue. Initial 
data suggest that c-fos expression interferes with terminal 
osteogenic differentiation. 

The function of c-fos in normal development can possibly 
be studied by analysing mice which lack endogenous c-
fos expression. Therefore, we have started to inactivate 
(collaboration with Erwin F. Wagner, IMP, Vienna) the c-fos 
gene via homologous recombination in ES cells. These 
ES cell lines with one inactivated c-fos allele will be used 
to generate fos negative mice through the production of 
chimeric mice. 

Since the c-fos protein is known to interact with the protein of 
another proto-oncogene, c-jun, we have generated several 
c-jun transgenic mouse lines. Although we could detect 
expression of transgenic c-jun in several organs we have 
not yet found any phenotype. Presently, we are crossing 
different c-fos mouse lines with c-jun mouse lines to test for 
synergistic phenotypes. 

To study the function of cytoskeleton proteins being ex-
pressed in a cell-type-specific manner we have generated 
(collaboration with Werner Franke, DKFZ, Heidelberg) trans-
genic lines expressing ectopically different cytokeratins. Our 
data suggest that expression of the human cytokeratin HI 
under the control of the ,8-cell-specific insulin promotor leads 
to drastic alteration of the pancreas like fibrosis and mice die 
probably due to a strong diabetes. Overexpression of the 
cytokeratin HX in the very same cell has no consequence 
at all. Currently this phenomena is being studied in more 
detail. 

The tyrosinase gene of the mouse c-Iocus has been hypoth-
esized for years to be the key enzyme in the synthesis of 
melanin in melanocytes in skin and the eye. In collaboration 
with GOnther SchUtz (DKFZ, Heidelberg) we could show that 
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the albino phenotype can be rescued by introduction of a 
functional tyrosinase gene into mice. 

In collaboration with Wieland Huttner (EMBL) we have 
cloned and sequenced the mouse chromogranin B (segre-
togranin I) gene. We could show that the five exons correlate 
with the protein domains which are conserved between 
species (mouse, rat, human). The mouse gene will be uS9d 
to study its function by examining the phenotypes resulting 
from either overexpression or inactivation. 

Identification of mouse mutants generated 
by insertional mutagenesis 

To identify new genes with important functions in devel-
opment we have screened our transgenic mouse lines for 
phenotypes caused by dominant or recessive mutations due 
to the integration of the transgene. So far, we have detected 
two mutants, both of which affect forelimb development, 
and three additional mutants in which early development 
seems to be blocked. One of the forelimb mutations is 
dominant, every transgene-positive animal has fused fingers 
(digit 1-4). In addition, this mutant shows a hyperplasia of 
thymus and is homozygous lethal. Presently, we are in the 

PLATE 9 

The phenotype of the forelimb deformation in the add mouse mu-
tant. Differences in the thumb morphology of skeleton of forelimbs 
of wild-type mouse (A) and add mouse (8) are shown. 
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process of cloning the integration site of the transgene and 
of characterizing the changes in the thymus (collaboration 
with Bruno Kyewski, DKFZ, Heidelberg). 

The other forelimb mutation is recessive. The morphology of 
the thumb is always altered and sometimes the next finger 
has an extra phalanx (Plate 9). Therefore, this mutation is 
called add (anterior digit-pattern deformity). This phenotype 
suggests that a body plan gene is affected. Using the cloned 
DNA from the flanking region of the integrated transgene, 
the mutation has been mapped close to the centromere 
of chromosome 13 (in collaboration with Marie-Genevieve 
Mattei, Marseille). This position links the mutation to the 
genetically mapped locus called extra-toe (Xt). Analyses are 
presently being performed to test whether both mutations 
are alleles and to identify and characterize the affected 
genes. 
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Tyrosine phosphorylation 

Group leader: S. Courtneidge 

Fellows: Y. Goldberg, B. Hall*, R. Kypta, G. Twamley*, E. Ulug 

Assistants: A. Cartwright, A. Heber 

Phosphorylation of proteins at tyrosine appears to be one 
important way in which cells control growth. Inappropriate 
expression of, or the presence of mutant forms of tyrosine 
kinases frequently leads to neoplastic transformation. Many 
tyrosine kinases have been identified; most are plasma 
membrane proteins, and many are growth factor receptors. 
Those membrane-bound tyrosine kinases which are not 
receptors can be grouped together and are known as the 
src family. They have extensive sequence similarity (>70% 
at the amino-acid level), and share conserved functional 
domains. These homologous domains include: glycine2 and 
lysine7, which together provide a myristylation signal; the 
carboxy terminal amino-acids, in which is contained a tyro-
sine residue involved in the negative regulation of kinase 
activity; and sequences in the carboxy terminal half of the 
proteins which form the catalytic domain. In addition there 
are two sets of sequences in the amino-terminal half of 
the proteins, called the short homology (SH) regions 2 
and 3, which are present not only in all members of the 
src family but also in other proteins such as the tyrosine 
kinases encoded by the c-abl and c-fps genes, phospholi-
pase C-y, GTPase activating protein (GAP), and the struc-
tural protein spectrin. These domains are postulated to be 
involved in substrate recogntiion and control of enzyme 
activity. 

Most of the src family members are somewhat restricted 
in their expression (e.g. hck in haemopoetic cells, Ick in 
lymphocytes and fgr in monocytes), however three (c-src, 
fyn and c-yes) have a much broader tissue distribution, 
perhaps implying a more universal function. This group 
is interested in the protein products of the src, fyn and 
yes genes, particularly their roles in normal and abnormal 
growth control in fibroblasts. We have in the past principally 
studied pp60c-src in two systems; in normal fibroblasts and in 
polyoma virus-transformed cells. The analysis of pp60c-src 
in normal cells has shed insight into the regulation of its 
kinase activity, now our interests concentrate on when and 
how both pp60c-src and the other kinases are activated 

during normal cell growth. The study of polyoma virus-
transformed cells has shown that the transforming protein 
of polyoma virus, middle T antigen, forms stable complexes 
with pp60c-src, p59fyn and pp62c-yes . More recently, a third 
protein, p81, was identified in this complex, whose presence 
correlates with the detection of a novel PI kinase activity. 
We are interested in defining the relationship between lipid 
kinase and tyrosine kinase activation in both normal and 
transformed cells. 

Polyoma virus transformed cells 

As outlined above, we have recently demonstrated that an 
81 kDa protein which co-immunoprecipitates with middle 
T antigen and pp60c-src and is phosphorylated on tyrosine 
residues during in vitro kinase assays, correlates with the 
detection of phosphatidylinositol (PI) kinase activity. We 
have now shown that the much more minor complexes 
which middle T antigen forms with pp62c•yes and p59fyn also 
contain p81 and PI kinase activity. This enzyme has been 
shown by Cantley's group to produce the novel lipid PI(3)P 
(Whitman et al., 1988). Many reports have demonstrated 
association and activation of PI-3 kinase with transform-
ing src proteins, and also with the PDGF receptor after 
stimulation of quiescent cells with PDGF, suggesting that 
it may be involved in growth control. We reasoned that 
cells containing various middle T antigen mutants would be 
good tools to investigate the production of PI(3)P in vivo, 
as well as to assess the effects activation of PI-3 kinase 
might have on inositol lipid metabolism in general. We 
have therefore undertaken an analysis of myo-[3Hjinositol 
containing compounds in a panel of NIH3T3 cell-lines stably 
transfected with transforming and non-transforming middle 
T antigen mutants (in collaboration with Dr. P Hawkins & 
Dr. M. Hanley, MRC Molecular Neurobiology Unit, Cam-
bridge). All cell-lines from which PI kinase activity could be 
immunoprecipitated in complex with pp60c.src and middle T 
antigen in vitro also had elevated levels of PI(3)P in vivo. 
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Although the level of PI(3)P in these cells was only modestly 
elevated (20-50%) compared to controls, it approximated 
the level of PI(3)P in quiescent cells which had been treated 
with PDGF. This may suggest that PI(3)P has a rapid rate 
of turnover in vivo, and that there is a threshold level of 
this compound which accumulates in cells. Our data sug-
gest that middle T antigen-transformed cells have achieved 
this threshold. Cell-lines expressing middle T antigen with 
associated PI-3 kinase activity showed no overall change 
in the total level of inositol phosphates, suggesting that 
PI turnover was not grossly affected by activation of this 
kinase. However a more detailed analysis using HPLC as a 
means of separating the different inositol phosphate isomers 
did reveal small changes in particular compounds. Thus, 
activation of PI-3 kinase correlated with increased levels of 
inositol bisphosphates and inositol tetrakisphosphates. The 
inositol bisphosphate species whose level was specifically 
elevated in middle T antigen-transformed cells comigrated in 
HPLC analysis with Ins(3,4)P2 . We have also observed that 
cells containing an activated PI-3 kinase had elevated lev-
els of glycerophosphoinositol (a phospholipase A product). 
These results suggest that association of middle T antigen 
and pp60c-src with PI-3 kinase activates a distinct inositol 
metabolic pathway, which our future experiments will seek 
to define. 

Other laboratories have previously reported that middle T 
antigen is also able to bind to two other cell proteins, 
of molecular weights 63 and 36 kDa (see Walter et al., 
1989 and references therein). The binding of these proteins 
is different in several ways from the interaction between 
middle T antigen and pp60c-src. Firstly the latter complex is 
very minor, comprising only of pp60c-src molecules, 
whereas the middle T antigen:63, 36 kDa complex is much 
more abundant. Secondly, whereas the pp60c-src middle 
T antigen complex is very stable even in the presence of 
denaturing agents, the interaction of middle T antigen and 
the 63 and 36 kDa proteins can be disrupted by much milder 
treatments. Finally, the 63 and 36 kDa proteins are also 
found associated with the small T antigens of both polyoma 
and SV40, whereas pp60c-src has never been shown to 
bind to small T antigens. The role, if any, of these cell 
proteins in transformation by polyoma is not understood. 
Very recently, the surprising identity of these proteins has 
been revealed - they represent the catalytic (36 kDa) 
and regulatory (63 kDa) domains of the serine/threonine 
phosphoprotein phosphatase PP2A (David Pallas, personal 
communication). To be able to assess the binding of these 
proteins to middle T antigen in more detail, we have recently 
generated an anti-peptide antibody specific for the 36 kDa 
PP2A subunit, and shown that this antibody is capable of 
immunoprecipitating serine phosphatase activity from cell 
Iysates. We have gone on to show that both middle T antigen 
and small T antigen immunoprecipitates do indeed have 
associated phosphatase activity. This activity is 2A-like, on 
the basis of its inhibition characteristics with okadaic acid. 
We could detect no difference in total phosphatase activ-
ity in polyoma-transformed cells when compared to their 
normal counterparts, suggesting that binding to middle T 
antigen does not grossly affect the enzyme's properties. 
Nevertheless, it remains possible that subcellular localiza-
tion and/or substrate specificity are affected. Of particular 
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interest to us was the question of whether the kinase and the 
phosphatase were in the same complex. To investigate this, 
we performed kinase assays on immunoprecipitates made 
with the anti-PP2A antibodies. We detected phosphorylated 
middle T antigen in this assay, showing that PP2A and a 
tyrosine kinase co-existed in the same complex. We are 
now in the process of determining whether the tyrosine 
kinase involved is pp60c.src, pp62c-yes and/or p59fyn, as 
well as determining the existence of this "super complex· in 
cell-lines containing the various middle T antigen mutants. 
Future experiments will also include analysis of whether the 
phosphatase acts on other components of the complex, and 
whether the kinase can phosphorylate either of the PP2A 
subunits. 

src family tyrosine klnases In normal fibroblasts 

We are interested in the roles of the members of the 
src family in normal growth. It has been proposed that 
the location of these kinases at the inner surface of the 
plasma membrane would allow them to function in signal 
transduction, perhaps for some of those transmembrane 
receptors which themselves lack intrinsic kinase activity. 
Might one then expect that pp60c-src, p59fyn and pp62c.yes 
each respond to different signals? To approach this ques-
tion, we tested whether p59fyn and pp62c-yes could also 
be stimulated by treatment of quiescent fibroblasts with 
PDGF, since such treatment had already been shown to 
activate pp60c-src (Ralston & Bishop, 1985; Gould & Hunter, 
1988). Somewhat surprisingly, both p59fyn and pp62c-yes 
were also activated following PDGF addition. The extent of 
activation was in the order of 2-3-fold, and was observ-
able at physiological concentrations of PDGF. The peak 
of activation occurred at between 5 and 10 minutes after 
PDGF addition. In all respects, therefore, the activation of 
p59fyn and pp62c-yes resembled the previously described 
activation of pp60c-src. We have also shown that these 
increases in activity are coincident with association of the 
src family tyrosine kinases with the PDGF receptor and 
p81 (the PJ-3 kinase). The presence of p81 correlated with 
the detection of PJ-3 kinase activity. We have further deter-
mined that anti-PDGF receptor immunoprecipitates contain 
src family tyrosine kinases. These results suggest that the 
physiological response to PDGF involves transient interac-
tion of the receptor with members of the src family and the 
PI-3kinase. The finding of the latter proteins in the same 
complex is particularly intriguing in the light of their joint 
presence in complexes containing middle T antigen. Our 
future experiments will address the mechanism of activation 
of the kinases by PDGF, as well as the role of the src 
family tyrosine kinases in mitogenesis by PDGF. We will 
also be asking whether other growth factors are also able to 
stimulate one or more members of the src family of tyrosine 
kinases. 
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Control of growth and metabolism by RAS 

Group leader: O. Fasano 

Fellows: M. Baroni*, F. Di Blasi*, J.-B. Crechet* 

Visitors: G. Feger, A. Maddalena*, A. Santoro*, A. Verrotti* 

Assistant: R. Zahn 

The RAS gene products positively regulate the progression 
of yeast through the G1 phase of the cell cycle. This 
conclusion is based upon the observation that yeast cells 
in which the function of the RAS2 protein is constitutively 
activated by a point mutation cannot stop in G1 (Toda et 
al., 1985). On the contrary, cells with a disrupted RAS1 
gene and with a nonfunctional RAS2 gene are found pre-
dominantly as unbudded, G1-arrested cells (De Vendittis et 
al., 1986). Besides their effect on growth, mutations which 
either activate or impair the function of the yeast RAS 
gene products affect metabolic parameters, like glycogen 
levels, as well as adaptative responses such as sporulation 
and thermotolerance (Toda et al., 1985; De Vendittis et al., 
1986). 

In addition to RAS, other cellular components like adenylate 
cyclase (CYR1), and several protein kinases are positive 
regulatory elements of a pathway that controls growth and 
metabolism of yeast cells (Toda et al., 1985, 1987, 1988; 
De Vendittis et al., 1986). During the past years, we have 
been interested in the identification and molecular charac-
terization of the elements of this pathway. We have isolated 
wild-type and mutated forms of RAS, adenyl ate cyclase and 
protein kinases, and we have provided evidence that the 
RAS gene products can be positively regulated by the bind-
ing of GTP, while the activity of the adenylate cyclase can be 
positively regulated by the RAS.GTP complex. In addition, 
from genetic data we have proposed that the adenylate 
cyclase function might be regulated by phosphorylation. 
In the course of 1989, we have continued to investigate 
the molecular mechanisms of regulation of RAS, adenylate 
cyclase and protein kinases, using a combined biochemical 
and genetic approach. To evaluate the relevance of our work 
to the understanding of the function of RAS in mammalian 
cells, we have started to search for additional elements of 
the growth control pathway that might be present both in 
yeast and mammalian cells. 
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Function of RAS 

We have constructed, by mutagenesis of the chromosomal 
RAS2 gene in ras1- strains, isogenic yeast cells express-
ing RAS2 proteins with a reduced function. We have found 
that mutations leading to the replacement of Ser24 and Thr42 
by other amino-acids result in impaired RAS-dependent 
functions. Together with Asn40 and Gly82_Gly84, that we 
previously found to be important for RAS function, these mu-
tations define distinct regions of the RAS2 protein that are 
critical for activity. All the mutants show a more severe im-
pairment of growth on nonfermentable carbon sources than 
on glucose, thus confirming that the RAS-adenylate cyclase 
pathway has a major role during growth on nonfermentable 
substrates (Fasano et al., 1988, 1989). We believe that 
some of the mutants with a defective RAS function might be 
unable to interact properly with physiological ligands, while 
some of the other mutants might be unable to undergo a 
transition from the GDP-bound (inactive) to the GTP-bound 
(active) state. The mutated proteins expressed in Ecoli are 
presently being analysed at the biochemical level. As a 
prerequisite for the subsequent structural analysis of the 
mutants, we have crystallized the GOP-binding domain of 
the yeast RAS2 protein expressed in Ecoli (in collaboration 
with Demetrius Tsernoglou's group). 

Mechanism of activation of adenylate cyclase by RAS 

We have constructed isogenic yeast strains expressing mu-
tated forms of adenylate cyclase, that carry single amino-
acid substitutions at position 1651. The choice of this po-
sition was dictated by the previous finding (by a random 
mutagenesis approach) that the replacement of threonine by 
isoleucine resulted in increased sensitivity to RAS proteins. 
We have found that the introduction of arginine also results 
in increased sensitivity to RAS, while the introduction of 



aspartic acid leads to decreased sensitivity. These results 
indicate that threonine 1651 identifies a region that is im-
portant for determining the response of adenylate cyclase 
to RAS. By systematic mutagenesis of the region encom-
passing amino-acids 1650-1653, and by analysis of the 
mutants in vivo and in vitro, we have confirmed that this 
region is involved in the regulation of the catalytic activity, 
possibly by interaction with inhibitory amino-terminal protein 
domains. We do not know yet if threonine 1651 is a substrate 
for phosphorylation in vivo. These studies have been hin-
dered by difficulties in the purification of the yeast adenylate 
cyclase. This aspect constitutes one of the objects of our 
present research activity. 

Other elements of the RAS pathway 

We have isolated two genes, originally called PR3E and 
KOM1, that are able to suppress a temperature-sensitive 
RAS function upon expression on a high copy number plas-
mid. From the nucleotide sequence the two genes appear to 
be alleles of TPK3 and SCH9, respectively, that were pre-
viously identified as suppressors of a temperature-sensitive 
CDC25 function (Toda et al., 1987, 1988; Carra et al., 1989). 
The disruption of SCH9-KOM1, that appears to encode 
a putative protein kinase of 824 amino-acids, results in a 
slower growth rate. We have found that the levels and the 
activity of the RAS 1, RAS2, and adenylate cyclase gene 
products in cells growing logarithmically were not signifi-
cantly affected by the disruption of SCH9. Therefore, SCH9 
might be either a downstream element of the RAS/adenylate 
cyclase pathway, or an element of a parallel pathway. We 
have been able to overexpress the SCH9 (KOM1) gene 
product in E.coli cells, as a fusion with protein A, and we 
are presently trying to evaluate the catalytic properties of 
the fusion product. 

Construction of a collection of Isogenic yeast 
strains with chromosomal mutations that either 
activate or reduce the function of elements 
of the RAS-adenylate cyclase pathway 

Mutations that affect the function of elements of the RAS 
pathway can influence distinct cellular functions. However, 
even though the biochemical functions of individual ele-
ments have been clarified to a certain extent, compara-
tively little is known about the number of functions that are 
controlled by RAS. To test whether or not given cellular 
functions are controlled by the pathway, we have previously 
constructed isogenic yeast strains carrying either activating 

or inactivating mutations in distinct elements of the path-
way. Taking advantage of the fact that the introduction of 
chromosomal mutations requires a limited number of genetic 
markers, we have now constructed isogenic strains carrying 
combinations of mutations in two or three elements (RAS1, 
RAS2, SCH9, TPK3, adenylate cyclase). In this way, we 
have been able to rigorously investigate the interaction of 
the RAS2 gene product with mutated adenylate cyclase alle-
les, and the effect of SCH9 on this interaction. Moreover, we 
have found that the temperature-sensitivity of some RAS2 
mutants can be modulated by mutations in the SCH9 gene. 
Our expanding collection of temperature-sensitive strains 
might be useful for the isolation of mammalian elements of 
the growth control pathway, using genetic complementation. 
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Homeobox containing genes and the molecular biology of vertebrate development 

Group leader: D. Duboule 

Fellows: J.-C. Izpisua-Belmonte, A. Renucci 

Visitors: B. Galliot*, V. Zappavigna* 

Assistant: H. Falkenstein, H. Jansson* 

In recent years, the study of vertebrate development has 
seen major breakthroughs. These include the identification 
of vertebrate homeogenes, originally isolated on the basis 
of their homology to the homeobox of Drosophila homeotic 
and segmentation genes. Antennapedia-like homeobox-
containing genes have now been isolated from many dif-
ferent invertebrate and vertebrate species. In Drosophila, 
the homeobox-containing homeotic genes are essentially 
dispersed in two clusters: the Bithorax and Antennapedia 
complexes, whose internal structural organization reflects 
the order in which these genes are expressed along the 
antero-posterior body axis during development. Thus, the 
relative position of each of these genes within the com-
plexes correlates with their expression domains along the 
antero-posterior axis and, as a result, the structures that are 
specified by these different domains. In the house mouse, 
more than 30 Antp-like homeobox-containing genes have so 
far been reported to lie on four major complexes: HOX-1, -2, 
-3 and -5, located on chromosomes 6, 11, 15 and 2 respec-
tively. Based on protein sequence similarity, these genes 
can be grouped into subfamilies which are represented once 
in each cluster. Since each subfamily member is found in the 
same relCl.tive rosition within each cluster, the HOX-1, -2, -3 
and -5 complexes are likely to be the result of large-scale 
duplication events during evolution. 

Accumulating evidence indicates that murine Hox genes 
(homeogenes) playa crucial role in embryonic and foetal 
development. Because they are expressed during ontogeny 
in the same types of structure (central and peripheral ner-
vous system, somitic and non-somitic mesodermic deriva-
tives, limb buds) but in different overlapping antero-posterior 
domains, it was suggested that vertebrate homeoproteins 
might serve as positional cues along the rostro-caudal axis 
of the developing animal. It was recently further proposed 
that, as in Drosophila, the ordering of the Hox genes along 
the various complexes may also reflect the antero-posterior 
distribution of their expression domains and that gene mem-
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bers of the same subfamily might therefore display coinci-
dent anterior expression boundaries. 

We have continued to investigate various aspects of this 
gene family, especially in the following directions. 

Structural and functional studies of the Hox 
genes network (with the laboratory of 
P. Chambon, Strasbourg) 

The HOX-5 complex contains at least seven genes, six of 
which we cloned. The analysis of the order along the chro-
mosome, expression pattern and sequences of these new 
genes allowed us to propose that not only has the "colinear-
ity" been conserved between Drosophila and vertebrates, 
but also the genes themselves. Thus, an ancestral gene 
complex has evolved in both insects and mammals to give 
rise to four complexes in vertebrates and to 2 half complexes 
in flies. This is important in view of the possible conserva-
tion of molecular mechanisms acting during developmental 
processes, as well as for phylogenetic considerations. 

Comparative studies within the HOX network 
(with S.J. Gaunt, Cambridge, U.K.) 

After having shown that the chromosomal order of the Hox 
genes coincides with their expression domains along the 
rostro-caudal axis of the developing foetuses, we analysed 
the expression domains of gene members of the same 
subfamily (paralogous genes). We could show that these 
highly phylogenetically related genes are used to subspecify 
information within very comparable antero-posterior levels. 
Thus, this high redundancy of protein sequence does not 
seem to be accompanied by functional redundancies, but 
rather is used to increase the precision of the positional 
information at a particular level of the body. 



PLATE 10 

The expression of 5 contiguous HOX-5 genes in neighbouring sec-
tions of the foetal limbs. The black areas represent the presence of 
the corresponding transcript. The 5 different domains of expression 
are more or less proximal or distal following the position of the 
genes along the HOX-5 complex. 

The Hox genes and limb morphogenesis 
(with P. Dolle and P. Chambon, Strasbourg) 

This novel Hox complex (HOX-5) appears to be involved in 
the morphogenesis of the limb. We have shown that with the 
exception of Hox-5.t , which is expressed in the whole limb 
and flank mesenchyme, each gene has a unique expres-
sion domain, precisely restricted along the P-D axis of the 
developing limbs according to its position in the complex: the 
more 5' a gene, the more distally restricted is its expression 
domain. We obtained evidence for a sequential appearance 
of the transcripts in early stages of limb bud outgrowth, 

taking place in cells from the postero-dorsal pole of the limb. 
In addition, each gene shows a graded transcript distribution 
along the A-P axis, which is maximal at the posterior margin 
and progressively decreases anteriorly. These shifted and 
partially overlapping expression domains, as well as later 
regional changes in the abundance of the RNAs, led us 
to propose that a key step in establishing positional infor-
mation involves precise combinations of gene products of 
the HOX-5 complex in mesodermal cells of the developing 
limb. We have proposed a model which accounts for the 
establishment of the observed plurimolecular gradient and 
which is based on the existence of a primary diffusible signal 
in the form of a concentration gradient set up by the zone 
of polarizing activity. 

The regulation of the Hox gene transcription 
(with P. Chambon, Strasbourg & P. Charnay, Paris) 

We have cloned the Hox-1.4 promoter and shown that it 
is active in various cell lines. Protein extract of these lines 
revealed the presence of different factors bound to diverse 
GC-rich motives upstream of Hox-1.4. Some of these bind-
ing activities could be attributed to the transcription factor 
Sp1 whereas others involve unknown factors. One of these 
is probably the Krox-20 protein - or a close relative - since 
we could demonstrate that this "Zinc finger" protein binds a 
specific GC-rich sequence, two copies of which are located 
in the Hox-1.4 promoter. This might be the first example of 
an interaction between a '1inger" protein and a Hox gene, 
suggesting possible connections between these two gene 
families. 
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Molecular mechanisms of signal dependent transcription regulation 

Group leader: D. Bohmann* 

Fellow: S. Smith* 

Assistant: C. Chavrier* 

Eukaryotic cells can respond to signals from their environ-
ment such as growth factors, hormones, or contacts to other 
cells with specific changes of their gene expression pattern. 
The '1irst wave" of transcription of responsive genes is me-
diated by protein synthesis independent events: pre-existing 
transcription factors are activated by a signal dependent 
process and stimulate the transcription of their target genes. 
The underlying mechanisms, serving to connect cytoplasmic 
to nuclear signalling pathways, are poorly understood; their 
study is the main interest of our group. Work of other 
laboratories has shown that the activity of the inducible 
transcription factor AP-1 can be stimulated in the absence of 
protein synthesis. AP-1 therefore seems to participate in the 
induction of first wave genes, and to function as a primary 
nuclear target of signal transduction. 

Analysis of post-translational activation of 
transcription factors In vivo 

Our previous molecular analysis of AP-1 has demonstrated 
that it is encoded by a multigene family comprised by, 
among others, the c-jun and c-fos oncogenes (Bohmann 
et al., 1987; Rauscher et al., 1988; Bohmann et al., 1988). 
In a functional dissection of Jun with biochemical methods 
we discovered a domain that might serve to mediate post 
translational activation of the protein (Bohmann & Tjian, 
1989). We are now developing a co-transfection system to 
study the regulatory function of this domain in vivo. To that 
end several hybrid genes have been constructed that should 
allow us to measure signal dependent post-translational 
activation of Jun (and later also other inducible transcription 
factors). 

Structural and functional analysis of transcription 
factor modifications 

It has been reported that the phosphorylation pattern of 
Jun and Fos changes upon treatment of cells with TPA. 
To investigate their potential regulatory function we plan to 
analyze inducible changes in transcription factor modifica-

tion structurally and functionally. A collaboration has been 
initiated with the group of Henk Stunnenberg to express Jun 
derivatives using the vaccinia system. Vaccinia expressed 
Jun will be isolated from various cell lines under inducing 
and control conditions to be analysed biochemically and 
functionally in DNA binding and in vitro transcription assays. 

Connections between Inducibility of transcription 
factor activity and transforming potential 

The identification of the proto-oncogene products Jun and 
Fos proteins as inducible AP-1 transcription factors, as 
well as the fact that AP-1 activity can be stimulated by 
other proto-oncogene and oncogene products suggest a 
relationship between the phenomena of transcriptional in-
duction and neoplastic transformation. This connection was 
strengthened further by our comparative studies on v- and 
c-jun (Bohmann & Tjian, 1989). We want to pursue this 
concept further by comparing inducibility and transforming 
activity of Jun and Fos mutants. 

Publications during the year 

Bohmann, D. & Tjian, R. (1989). Biochemical analysis of 
transcriptional activation by Jun: differential activity of c- and 
v-jun. Cell, 59, 709-717 
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The molecular basis of limb pattern formation 

Group leader: R. Zeller* 

Fellows: C. Meijers*, J.L. De La Pompa*, A. Trumpp* 

Assistant: P. Blundell* 

A major unsolved question in embryonic development is how 
early embryonic cells become committed to develop along 
defined developmental pathways. To unravel the molecular 
and cellular mechanisms that determine patterns during 
vertebrate embryogenesis, we use the developing chicken 
limb bud as a model. The chicken embryo system allows 
us to combine the powerful tools of molecular biology with 
classical experimental embryology and morphology. 

Research plans and work in progress 

A. Molecular analysis of the chicken limb 
deformity (Id) gene 

We have previously isolated the murine Id gene. The Id 
gene encodes a novel family of evolutionarily conserved 
gene products required for antero-posterior limb pattern 
formation. Its precise role and function in patterning still 
remain unknown. To gain insight into the molecular role of 
the Id gene, we are currently cloning and analysing the 
chicken homologue. Both its expression pattern and se-
quence conservation, together with the experiments outlined 
below in section C, will hopefully lead to the identification of 
its functionally relevant transcripts and protein domains. 

In an initial screen we have isolated an embryonic chicken 
Id cDNA encoding part of the evolutionarily highly conserved 
carboxy terminal protein domain. We are currently raising 
polyclonal antisera against this domain to begin analysis 
of the distribution and subcellular localisation of the Id gene 
product(s) during embryogenesis. Such an analysis will pro-
vide important information as to the function of these gene 
product(s). 

8. Involvement of growth factors and their 
receptors in limb morphogenesis 

Evidence obtained in other groups suggests possible roles 
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for bFGF- and TGFb-like growth factors in limb morpho-
genesis. We have initiated a study of the possible role 
of such growth factors at the molecular level. We initially 
succeeded in isolating embryonic cDNAs encoding chicken 
bFGF and are trying to isolate embryonic TGFb-like se-
quences. Analysis of the temporal and spatial expression 
patterns of these growth factors (and of the corresponding 
receptors) will hopefully shed light on their involvement in 
limb morphogenesis. 

C. Ectopic expression of genes in chicken limb buds 

Eventually we will attempt to express ectopically genes 
of interest (e.g. the Id gene) during limb morphogenesis. 
Using both plasmid and retroviral vectors, primary cultures 
of limb bud mesenchymal cells will be transfected using 
selectable markers. Transfected cells will be reaggregated 
and transplanted to host limbs to study the effects of ectopic 
expression of a particular gene on limb morphogenesis. 
Furthermore, we plan to interfere with normal expression of 
e.g.ldgene products during embryogenesis using antisense 
RNAs introduced by retroviral vectors. Retroviruses carry-
ing appropriate constructs will be used to infect prestreak 
chicken embryos to achieve high frequencies of infection. It 
will be very interesting to study whether such experiments 
allow us to produce e.g. an Id phenotype in chicken em-
bryos. The experiments outlined here will hopefully indicate 
the mechanisms that govern limb pattern formation and fur-
ther our understanding of how a pattern is set in vertebrate 
embryos. 

Publication during the year 

Zeller, R., Jackson-Grusby, L. & Leder, P. (1989). The 
limb deformity gene is required for apical ectodermal ridge 
differentiation and anteroposterior limb pattern formation. 
Genes and Dev" 3, 1481-1492 



Biological Structures Programme 

Introduction 

The study of biological structures requires two complement-
ary activities. The first is the solving of structures which 
requires a great deal of specialized knowledge and equip-
ment. The second is the derivation of biological information 
from structural results. In contrast to the rigorous mechan-
ics of structure solution, this aspect of structural biology 
is less systematic. It involves a knowledge of the other 
disciplines of molecular biology and represents the point at 
which structural results vie with and sometimes supplant 
those of classical molecular biology. Both activities are 
well represented in the Biological Structures Programme 
today. The projects in the Programme have been directed in 
three major areas: membrane proteins and their assemblies, 
nucleic acid binding proteins and components of the cell's 
contractile apparatus. 

The year has seen a number of long term projects in the Pro-
gramme achieve significant results as well as the initiation 
of some exciting new areas of research. One of the major 
accomplishments of the last year was the solution of the 
high resolution structure of actin as a result of a collaboration 
between Dietrich Suck's group and scientists at the MPI for 
Medical Research, in particular W. Kabsch and K. Holmes. 
A complete atomic model for skeletal muscle actin has been 
derived using data to a resolution of 2.4 A. The structure not 
only shows the features of a centrally important molecule in 
the cell but opens the way to more focused experiments 
defining its function. The precursor form of aerolysin, a 
cytolytic toxin from the gram negative bacterium Aeromonas 
hydrophila, has been crystallized through a collaboration be-
tween the Franc Pattus and Demetrius Tsernoglou groups. A 
3 A map shows that this protein, in contrast to the the other 
membrane proteins which have been solved, is primarily a 
(3 sheet protein. 

The past year has also shown the power of inter-Programme 
collaborations for which EMBL is uniquely suited. Stephen 
Fuller's group in collaboration with John Tooze's group and 
David Vaux's group in the Cell Biology Programme have 
been involved in characterizing the signals and receptors 
involved in the retention of soluble proteins of the endo-
plasmic reticulum. This work has identified a 72 kDa protein 
which appears to be the receptor by means of anti-idiotype 
antibodies. Characterization of the cell biology and the struc-
ture of this receptor promises to be exciting product of this 
continuing collaboration. An interesting possibility, offered 
by the anti-idiotype approach, is to examine the structures 
of the antibodies which mimic the receptor for clues to 
the recognition process. The success of this work and the 
possibilities that it opens auger well for the other collabo-
rative projects underway in the Programme.These include 
the study of cathepsin D by the Metcalf group and the study 
of centriole structure in collaboration with Cell Biology, the 
characterization of yeast RAS with Differentiation and the 
study of several DNA-binding proteins in collaboration with 
the Gene Expression Programme. 

Two new group leaders have joined the Programme this 
year. Paul Tucker has been appointed to focus on the devel-
opment of crystallographic methods including the evaluation 
of area detectors and the development of crystallographic 
computing software. The Programme has also been for-
tunate in recruiting Matti Saraste who has specialized in 
studies of the membrane proteins of the mitochondrion by 
biochemical and genetic methods. His presence at EMBL 
will complement the work on membrane proteins presently 
going on at the Laboratory and insure that the genetic 
approach to membrane studies continues to be well rep-
resented in the Programme. 
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Structure of DNA-binding and membrane proteins 

Group leader: D. Tsernoglou 

Scientists: G. Pal, M. Parker 

Fellow: c. Kavounis* 

Visitors: S. Jackman*, U. Lang<> , Y. Mascarenhas* 

Assistants: A. Kingswell*, A. Tucker, A. Wyrwas* 

Colicins 

The structure of the pore-forming fragment of colicin A 
(reported last year) was further refined by means of least-
squares methods and a model for its insertion into mem-
branes was proposed (Plate 11). The model will be tested by 
means of a number of mutants supplied to us by the group 
of Franc Pattus whose report should also be consulted. 
Crystals of the entire colicin N have also been obtained. 
They are cubic a=b=c=188 A, diffract to about 3 A, belong 
to space group 14132, and probably contain a dimer in the 
asymmetric unit. Since colicin N is homologous to colicin A, 
we hope to make use of the latter in obtaining the entire 
structure of colicin N. 

Aerolysin (with T. Buckley, Victoria, British Columbia) 

This toxin is supposed to be chiefly responsible for the 
severe deep wound infections caused by Aeromonas hy-
drophila. The protein is first produced as the preproform, 
which has a molecular mass of about 54 kDa. It carries 
a signal sequence of 23 amino-acids which is removed 
cotranslationally as the protein crosses the inner bacterial 
membrane. The resulting protoxin (proaerolysin) is the form 
exported from the bacteria. It is activated outside the cell 
by proteolytic removal of about 25 amino-acids from the 
carboxy terminus. 

Aerolysin has been shown to bind to erythrocytes using 
glycophorin as a receptor. It then aggregates forming 30 A 
holes in the membrane. This makes the cells permeable to 
molecules with molecular masses up to 3 kDa and results 
in osmotic lysis. Proaerolysin can also bind to erythrocyte 
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membranes but it does not aggregate and, as aggregation 
is an essential step in the pore formation, it does not 
cause cytolysis. The exact sequence of steps in membrane 
penetration by the active toxin is not known with certainty 
(for more details see Garland & Buckley, 1988). 

We have obtained crystals of proaerolysin (Plate 12). 
These are tetragonal, space group P43212 (or P41212) with 
a=b=1 04.0 A, c=222.0 A. A low resolution electron density 
map was calculated on the basis of 5 heavy atom isomor-
phous derivatives. It shows two molecules in the asymmetric 
unit related by a local two-fold symmetry axis. A portion of 
the electron density map is shown in Plate 13. 

We have extended the measurements to 3 A at the EMBL 
Outstation in Hamburg and have recently calculated the 
corresponding electron density map which we are currently 
trying to interpret in terms of the known amino-acid se-
quence. 

Other work 

The search for heavy atom derivatives of the adenovirus 
DNA-binding protein (studied in collaboration with P. van 
der Vliet of Utrecht and Paul Tucker of EMBL) was carried 
out in the presence of 2.4 M NaN03 in place of the original 
mother liquor of 2 M NaC!. Gold cyanide appears to give 
a good isomorphous derivative. A number of other heavy 
atom substances, mostly mercury and platinum compounds, 
were tried. Some produce no intensity change, others are 
non-isomorphous and yet others produce unacceptable re-
duction in intensity. We hope that by varying further the 
solvent we may find a second useful derivative. 



N 

PLATE 11 

A model for protein insertion into membranes suggested by the 
structure of the pore-forming domain of colicin A. a-helices are 
represented by cylindrical rods. 

(i) Initial interaction with the membrane 
(ii) Spontaneous penetration of hydrophobic hairpin 

(ij) 

(iii) "Umbrella conformation". For clarity, the outer layers of the 
protein are shown above rather than embedded into the 
membrane surface. 

(iv) Application of a trans-negative membrane potential leads to 
formation of the open channel. The channel may consist of a 
number of monomeric units. 

CLOSE D STATE 

(i i i) 

OPEN STATE 

(iv) 
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A number of mutants of the Rop protein were under study. 
A mutant with the wild-type tail replaced by an antigen was 
solved. The tail is visible except for the last two amino-acids 
in contrast with the normal Rop where the last seven amino-
acids are invisible. The remaining structure is unaffected. 
We want to compare the structures and biological properties 
of this sequence in its original structure (trypsin inhibitor) 
and in Rop (collaboration with S. Emery, Braunschweig and 
Chris Sander, EMBL). 

Crystals of p68 protein (collaboration with M. Crumpton 
and R. Newman of ICRF) were obtained and character-
ized. Further improvement in size is needed before in-
tensity measurements can be carried out. A complex of 
a-toxin (two molecules) with its monoclonal antibody is 
under study in collaboration with S. Bhakdi (Giessen). Also 
a synthetic peptide containing the leucine zipper motif has 
given small crystals (collaboration with Rainer Frank and 
Heinrich Gausepohl, EMBL). We are preparing a bacterial 
homologue of the 54 kDa of signal recognition particle (in 
collaboration with Bernhard Dobberstein, EMBL) with the 
aim of studying it by crystallography. Crystals of p21 proteins 
from yeast (with Ottavio Fasano, EMBL) and E1 A (with M. 
Harter, Cleveland) are at the early stages of analysis. 
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PLATE 12 

Crystals of aerolysin 
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PLATE 13 

A portion of the electron density map of aerolysin at 6 A resolution 
based on MIR phases. 
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Structural studies on actin and DNA-binding proteins 

Group leader: D. Suck 

Scientist: T. Ceska* 

Fellows: A. Lahm, V. Nwosu*, A. Volbeda, S. Weston 

Visitor: G. Stier 

Assistants: G. Frost*, M. Lamers* 

Our research interests are focused on two areas: protein-
nucleic acid interactions and the structure and function of 
actin. The principal experimental technique we are applying 
to approach these biological problems is single crystal x-ray 
crystallography. To obtain sufficient quantities of the proteins 
for crystallization, genetic engineering methods have been 
used in some cases. 

Actin 

As a result of a longstanding collaboration with scientists 
from the MPI for Medical Research, in particular with W. 
Kabsch and K. Holmes, the x-ray structure of skeletal mus-
cle actin in complex with DNase I has been determined. 
A 3.5 A electron density map was calculated on the basis 
of a lead, a mercury and several low resolution derivatives 
and was interpreted in a cyclic procedure combining the 
phase information from the derivatives with that of a partial 
model and gradually extending the resolution. The partial 
model consisted of the known atomic coordinates of DNase 
I and interpretable density features in the actin part. In 
every cycle the current partial model was corrected and 
extended according to the combined electron density map 
and refined against the observed structure factor amplitudes 
using the molecular dynamics refinement package XPLOR. 
Meanwhile a complete atomic model for skeletal muscle 
actin has been derived and refined to a crystallographic 
R-factor of 19.3% (using individual temperature factors and 
including 20,300 2 a-reflections to a maximum resolution of 
2.4 A). 

The high resolution structure analysis confirms earlier re-
sults showing that actin consists of two clearly separated 
domains of different size with the adenine nucleotide (ADP 
or ATP, see below) bound in the cleft between the domains. 
The small domain is formed by residues 1 to 140 and 338 
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to 372, i.e. it contains both the N- and the C-terminus. Both 
domains contain a 5-stranded, mixed ,a-sheet (composed 
of a ,a-meander and a right-handed ,a a ,a-unit) which is 
surrounded by helices. The topology is the same in both 
sheets and has also been found in hexokinase, like actin a 
bi-Iobal protein with ATP bound in the cleft. This topology, 
however, clearly differs from the so-called Rossmann fold 
present in many nucleotide binding proteins. 

The phosphates of the nucleotide mainly interact with 
residues in the small domain, whereas the adenine ring 
fits in a pocket formed by residues K213, T303 and Y306 
of the large domain. One would expect therefore that the 
adenine nucleotide is crucial for the relative orientation of 
the two domains, but surprisingly it stays the same regard-
less whether ADP or ATP is bound in the cocrystals. This 
suggests that either DNase I locks actin in the G-actin-ATP 
conformation or, alternatively, that the G-actin-ATP and the 
F-actin-ADP conformations are very similar. DNase I mainly 
interacts with residues in the small domain (residues 35 to 
70) and it thereby blocks the major tryptic cleavage sites at 
residues 63 and 68. A hydrogen bond to T202 in the large 
domain fixes the relative orientation of the domains and may 
explain the reduced nucleotide exchange rate of the DNase 
I-actin complex as compared to unbound G-actin. 

Chemical crosslinking as well as NMR and immunochemi-
cal experiments have shown that many proteins, including 
the myosin head fragment 81, predominantly interact with 
residues close to the N-terminus or in some cases near to 
the C-terminal end. The small domain of actin as seen in the 
x-ray structure therefore seems to represent the '1unctional" 
domain, whereas the large domain appears to be mainly 
responsible for actin-actin contacts in the F-actin filament. 
We are continuing our efforts to express the small domain 
and other non-polymerizing mutants of actin in E.coli for 
co-crystallization experiments. 



Table 2 

Crystal Data Resolution Unique reflections Rmerge Isomorphous 
form set A 

P1 nuclease 

P41(3)212 native1 2.8 

a=b=133.7 A EDTA 3.3 

c=108.3A K2PtCI42 3.3 

K2PtCI43 3.3 

P31(2)21 native 3.0 

a=b=121.oA K2PtCI4 3.0 

c=150.5A 

P212121 native 2.2 

a=80.60A 

b=76.15A 

c=73.75A 

1 merged low and high resolution data set 
2,3 1 (3) day soaking with 2mM K2PtCI4 

The x-ray structure analysis of nuclease P1, a Zn2+-
dependent, single-strand specific nuclease from Penicillium 
citrinum was continued. Three different crystal forms have 
been obtained and crystallographically characterized (see 
Table 2). Native and several derivative data sets have been 
collected for the tetragonal, trigonal and orthorhombic crys-
tal forms at the X11 beam line of the Hamburg Outstation 
using the image plate detector (Table 2). A 5 A difference 
Patterson for a platinum derivative of the tetragonal crystals 
could be interpreted in terms of two sites, suggesting that 
there are two molecules per asymmetric unit. With a molec-
ular weight of 35,000 this corresponds to 3.4A3/Dalton 
equivalent to 64% solvent in the unit cell. A 4.5 A electron 
density map calculated with Pt-SIRAS-phases combined 
with solvent flattening showed two compact lobes of density 
presumably representing the two molecules. Both lobes 
contain several rodlike, probably helical density features 
and isolated high density peaks which might represent the 
bound Zn2+ -ions. This was confirmed by a difference Fourier 
calculated with data of an EDTA-soaked crystal. According 
to these results, P1 contains a cluster of 3 Zn2+ -ions per 
monomer, two of which are separated by only 3.5 A whereas 
the third one is approximately 5.5 A away from the other two. 
The spatial arrangement of the Zn atoms closely resembles 
that found in phospholipase C from Bacillus cereus and 
there is in fact a significant sequence homology present be-
tween the two proteins involving 4 segments around the Zn 
ligands. This possibly indicates some structural homology of 
the active sites of the enzymes. 

A second isomorphous derivative was obtained by soaking 
native crystals with Hg-CTP and could be interpreted in 

(% completeness) (on <I» d ifference(%) 

23699(95.5) 8.8 -
12817(83.5) 7.7 19.5 

14922(97.2) 9.0 18.9 

14597(95.1 ) 13.0 20.6 

24245(93.0) 7.8 -
24985(94.2) 8.4 20.2 

15508(78.4) 8.5 -

terms of 4 sites, two of which coincide with Zn-sites. Analysis 
of the metal site distribution implies that the two molecules in 
the asymmetric unit are related by a local2-fold rotation axis, 
which, however, does not correspond to a significant peak 
in the self-rotation function. Once the local symmetry has 
been accurately defined, the combined phase information 
from the derivatives, the solvent flattening and local 2-
fold averaging should result in an interpretable map. The 
refinement at higher resolution could then be done using 
the orthorhombic crystals since a 2.2 A native data set is 
already available. 

DNase IlONA 

After many unsuccessful trials, crystals suitable for high 
resolution x-ray structure analysis have been obtained of 
a complex between bovine pancreatic DNase I and the oc-
tamer DNA-duplex (dGGTATACCh. These crystals (space 
group P21 21 2, a=51.2 A. b=1 07.8 A. c=62.2 A) diffract to 
2.3 A and data have been collected using the image plate 
device at the Hamburg Outstation. Data reduction yielded 
an Rmerge of 7.5% (in intensities) for 11,551 reflections to 
2.3 A resolution. Molecular replacement using the refined 
DNase I coordinates gave a unique solution in the rotation 
as well as in the translation function. Rigid body refinement 
dropped the R-factor from an initial 43% to 37% including 
only DNase I coordinates. A 2Fo-Fc map clearly shows 
difference density characteristic of double-stranded DNA. 
This complex should provide an explanation for the extraor-
dinary resistance of the GGTATACC-sequence in particular 
and the sequence dependence of cleavage by DNase I in 
general. In addition, we expect to obtain further information 
about the catalytic mechanism since, in contrast to the 
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previously solved (dGCGATCGC)2IDNase I complex, the 
scissile phosphodiester bond is present in the crystals. 

In collaboration with the group of B. Connally (Southamp-
ton University) two mutants of DNase I have so far been 
constructed and expressed in Ecoli and are being purified 
on a large scale for crystallographic studies. One of these 
mutants has the active site histidine (H131) replaced by a 
glutamine and its activity is down by a factor of approx-
imately 105 compared to native DNase I, but still shows 
an identical cleavage pattern. This mutant should therefore 
be very useful for DNA co-crystallization experiments. The 
second mutant has the order of two amino-acids reversed 
(035, E36 -+ E35, 036) in the region of the presumed 
catalytic cation binding site, is about 103 times lower in 
activity and shows a somewhat changed cleavage pattern. 

Publications during the year 
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Structure and function of bacterial ionic channels 

Group leader: F. Pattus 

Fellows: J. Lakey, D. Massotte, U. Wilmsen 

Visitors: H. Benedetti* 

Assistants: N. Didat, M.P. Reck, S. Scianimanico* 

In 1989 our group has further concentrated on the mecha-
nism of insertion of pore-forming toxins in membranes and 
on the structure and gating behaviour of the ion channels 
formed by these toxins and by porins from the outer mem-
brane of E.coli. Colicin A and aerolysin are representatives 
of the two classes of secondary structure (a-helix and 
,B-sheet) used as building blocks in ion channel architecture. 

Colicins A and N 

Colicins are bactericidal proteins which kill sensitive E.coli 
cells. Their mode of action comprises three steps: 

(1) binding to a specific receptor located on the outer 
membrane; 

(2) translocation across the membrane(s); 
(3) interaction with their target in the cell. 

Most of them are large proteins (45-70 kDa) and the do-
mains associated with the steps are organized in three 
distinct regions of the polypeptide chain. Colicins of the 
E1 group (A,E1 ,la,lb,B,K,N) form voltage-dependent pores 
which lead to depolarization of the cytoplasmic membrane. 
These channels are functionally similar to channels from 
excitable membranes. 

Colicin A (with D. Baty & C. Lazdunski (Marseille); 
K. Leonard, M. Parker, A. Pastore, D. Tsernoglou 
& A. Tucker (EMBL)) 

Analysis by Mike Parker (see D. Tsernoglou's report) of 
the recently solved structure of the pore-forming domain 
of colicin A has led to the proposal of a model for the 
mechanism of insertion of colicin A into a lipid bilayer and a 
detailed model of the channel structure and its induction by 

membrane potential. Our main efforts this year have been 
to obtain experimental evidence to validate (or invalidate) 
this model. Fluorescent probes covalently linked to cysteine 
residues of colicin A mutants have been used to moni-
tor the conformational change occurring upon binding to 
membranes and to calculate distances between the probes 
and tryptophans. Comparison of cleavage sites by a vari-
ety of proteases and accessibility of histidines to chemical 
modification between the soluble and the membrane-bound 
form of the pore-forming domain of colicin A have been 
undertaken. All the data obtained so far are compatible with 
the "umbrella model" proposed for the closed state of the 
channel. We have also shown that the last 136 residues of 
the colicin A peptide are sufficient to form the same type 
of channel as the entire molecule. For the first time we 
obtained evidence that colicin A and N may form oligomeric 
structures when bound to phospholipid vesicles or some 
detergent micelles even in the absence of membrane po-
tential. These two last results imply that we have to revise 
the model proposed for the induction of the channel by 
membrane potential and for the structure of the pore. In 
collaboration with Annalisa Pastore, a two-dimensional NMR 
study of the colicin A C-terminal peptide has been started 
recently. Despite the size of the peptide, analysis of the 
aromatic region of the spectra may provide insight into the 
structure of the membrane-bound form of the pore-forming 
domain. 

The par ins from E.coli outer membrane 

The porins are responsible for the molecular sieve prop-
erties of the outer membrane from gram-negative bacte-
ria. As a group the porins share quite similar physical 
properties. They are present in the outer membrane as 
very stable oligomers (usually trimer). Their amino-acid se-
quences are rather hydrophilic and devoid of hydrophobic 
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stretches longer than 11 amino-acid residues. The sec-
ondary structures of the porins consist predominantly of 
,a-strands oriented perpendicular to the membrane plane. 
All porins form large aqueous channels with weak selectivity 
between small ions. However, those porins responsible in 
vivo for the selective permeation of some solutes through 
the outer membrane possess an additional selectivity filter. 
LamB, for example, contains a filter selective for maltose 
and maltodextrin. 

MaUoporin (LamB porln) (with A. Charbit & 
M. Hoffnung (Paris); K. Leonard & W. Tichelaar (EMBL)) 

To determine the topology of the LamB porin sequence 
within the membrane, LamB mutants, in which a foreign anti-
genic determinant has been introduced at different places 
in the sequence, have been crystallized in two dimensions 
and labelled with Fab directed against this epitope. Some 
preliminary experiments indicate that one Fab molecule 
per LamB trimer binds to the crystal when the antigenic 
determinant is located on an outer face loop of the protein. 

The toxin aerolysin from Aeromonas hydrophila 
(with T. Buckley (British Columbia); M. Parker, 
A Tucker & D. Tsernoglou (EMBL)) 

Aerolysin is a cytolytic toxin exported by the gram-negative 
bacterium Aeromonas hydrophila. There are two precursor 
forms of the toxin. It crosses the inner bacterial membrane 
as a preprotoxin containing a typical signal sequence, which 
is removed cotranslationally. The resulting protoxin is ex-
ported from bacteria and activated by proteolytic removal 
of about 25 amino-acids from the carboxy terminus. Like 
Staphylococcus aureus a toxin, the mature protein binds to 
eukaryotic cells and forms holes, leading to osmotic lysis. 
We have continued to characterize the channels fomed 
by this toxin in planar bilayers and found that zinc ions 
show a dual inhibitory effect on the channel. The study of 
various histidine mutants shows that some of them playa 
key role in the oligomerization preceding channel formation. 
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These histidine residues probably belong to the zinc ion 
binding sites. Proaerolysin was crystallized recently (see D. 
Tsernoglou's report) and its structure may be solved soon. 
Thus we hope soon to be able to understand better how this 
"porin-like" toxin inserts into membranes and oligomerizes 
to form a large water-filled channel. 
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Structural basis of intracellular sorting 

Group leader: S. Fuller 

Scientist: J. Kenney 

Fellows: T. Doklancl*, A.-P. Huovila, P. Stewart*, C. Venien 

Visitors: M. Adrian*, D. Bamforcl*, C.-H. von Bonsdorff*, R. Bumett*, A. Cyrklaff* 

Assistants: M. Cyrklaff, P. Buck 

Our group is using an integrated structural and cell biological 
approach to examine the structural basis of macromolecular 
assembly and intracellular sorting. Our work extends from 
primarily structural projects such as the three-dimensional 
reconstruction of adenovirus from cryo-electron micrographs 
to the identification of defined components in the sorting 
pathway such as the KDEL receptor. It is unified by the 
expectation that an understanding of the control of macro-
molecular assemblies is not only interesting in its own right 
but will provide a basis for a better understanding of intra-
cellular sorting. 

Hepatitis B capsid (Carl-Henrik von Bonsdorff, 
Marek Cyrklaff, in collaboration with Michael 
Nassal, 2MBH, Universitat Heidelberg) 

Previously we proposed that the nucleocapsid proteins of 
simple RNA and DNA enveloped viruses share a structural 
homology with the non-enveloped RNA viruses whose struc-
tures are known to high resolution (Fuller & Argos, 1987; 
Argos & Fuller, 1988). We have been testing this model 
by examining the effect of mutations on the assembly of 
the structure as visualized by cryo-electron microscopy and 
image reconstruction of caps ids made in E.co/i. To date all 
results support the folding model and indicate a role for the 
positively charged carboxyterminal tail of the hepatitis virus 
in the packaging of nucleic acid. We are also comparing 
the structures of authentic hepatitis B capsids derived from 
infected liver with those generated by expression in E.co/i 
to examine the importance of the viral polymerase in nucleic 
acid packaging and assembly. 

Alphaviruses (Catherine Venien) 

These viruses, which include Sindbis and Semliki For-
est virus, 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. A pre-
vious reconstruction of Sindbis virus in vitrified water 
showed that the core displays T=3 icosahedral sym-
metry while the spike proteins are arranged with T =4 
symmetry (Fuller, 1987). This complementary arrange-
ment of spike and capsid proteins led to the pro-
posal of a hierarchical model of assembly in which lat-
eral interactions between membrane proteins leads to 
a structure which is recognized by the preassembled 
capsid (Fuller, 1987). Hence some spikes should have 
strong, direct interactions with the capsid while others, 
those included through lateral interactions, should have 
significantly weaker interactions. A combined structural 
and biochemical approach has been used to demon-
strate that the two geometrically non-equivalent classes 
of spikes seen in the reconstruction correspond to two 
classes of strength of interaction. Treatment of virus 
with low levels of the non-ionic detergent, octyl-,6-D-
glucopyranoside, removes approximately one-fourth of 
the spikes. Three-dimensional reconstructions from cryo-
electron micrographs of these detergent treated particles 
show that the easily extracted quarter of the spikes (Plate 
14A, B) are those on the three-fold axis which are pre-
dicted to have the weaker interactions with the cap-
sid. 
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PLATE 14 

Surface representation of the three-dimensional structures of native 
(A) and detergent treated (8) Semliki Forest virus. The detergent 
treated virions lack the spike trimer which would normally sit on 
the three-fold axis (C) Surface view of a recon-
struction of adenovirus 2 at 35 A resolution reveals the triangular 
shape of the hexon trimers and their relative orientation in the virion 
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(0) The organization of the P2 capsid is revealed 
in this three-dimensional reconstruction. The T=7 triangulation of 
the surface of this structure was first shown by this work. The large 
projections at the five-fold axes represent the attachment site of 
the tail of this phage which is averaged away in this icosahedral 
reconstruction (diameter=600 
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PLATE 14 

(E) Double immunofluoresence showing the localization of assem-
bled surface antigen particles (left) and the ER protein. protein 
disulphide isomerase (right). The isomerase is revealed with a mon-
oclonal antibody directed against its -KDEL tail. This antibody was 
also used to produce an anti-idiotypic antibody which recognizes 
the 72 kDa -KDEL receptor. 

Adenovirus (Phoebe Stewart, in collaboration with 
Roger Burnett, Wistar Institute, Philadelphia) 

A three-dimensional reconstruction of the adenovirus 2 
virion has been performed from cryo-electron micrographs 
to a resolution of 35 A. The reconstruction shows the trimeric 
structure of the hexons which form the capsid (Plate 14C) 
as well as a series of defined structures within the virion. 
We are attempting to improve the resolution of this recon-
struction and to orient the known high resolution structure 
of hexon trimer within the density observed in the recon-
struction of the whole virion. This will allow us to define the 
interactions which are responsible for the assembly of the 
capsid. 

Phages P2 and P4 (Terje Ookland) 

Cells infected by bacteriophage P2 assemble a 600 A di-
ameter icosahedral head whose major protein is gpN*. 
When P2-infected cells are superinfected with the related 
phage P4, they stop packaging the P2 genome and begin 
to assemble the gpN* protein to produce smaller (450 A) P4 
particles. The basis of this parasitism is the ability of P4 to 
modulate the assembly of the gpN* protein so that it forms 
the smaller P4 head and only packages the P4 genome. We 
hope to understand this switch at a structural level. A three-
dimensional icosahedral reconstruction has been performed 
from cryo-electron micrographs of P2 which shows the T=7 

(F) The increased expression level of the KDEL receptor is seen 
in this immunoblot which depicts the protein in a normal hybridoma 
(right lane) and in the two anti-idiotype producing hybridomas (left 
and middle lanes). 
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symmetry for the capsid (Plate 14C). A reconstruction is 
underway to examine the changes in capsid structure which 
lead to the formation of the P4 particle. 

Enveloped bacteriophage ¢-6 (John Kenney) 

Bacteriophage ¢-6 is an enveloped bacteriophage with a 
well characterized genetics, assembly and entry pathway. 
We are trying to complement these detailed functional stud-
ies with structural studies. Mutations and chemical treat-
ments allow the isolation of the various stages in the as-
sembly beginning a dodecahedral cage which acts 
as an RNA polymerase and terminates in the final en-
veloped and infectious virion. The structure of the cage has 
been determined, work on the later assemblies is under-
way. 

Centriole structure (Marek Cyrklaff in 
collaboration with Eric Karsenti) 

The centrosome has long been seen as a central, if enig-
matic, organelle in the cell. Its size and fragility place 
it beyond the classical methods of structural analysis. 
We are utilizing cryo-electron microscopy to study this 
organelle in an aqueous environment. Low dose, cryo-
electron micrographs show the positioning of the micro-
tubules nucleated by the centriole and reveal an orga-
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nized structure to the pericentriolar material. Work is un-
derway to detect DNA in the barrel of the centriole by 
contrast matching and to observe the stages of cen-
triole budding. We are also beginning the first three-
dimensional tilt reconstruction of the native, hydrated cen-
triole. 

Hepatitis B surface antigen assembly 
(Ari-Pekka Huovila) 

The surface antigen protein of the hepatitis B virus as-
sembles to form 220 A diameter disks and tubes when 
expressed in eukaryotic cells. This assembly is restricted 
to a compartment which is usually identified as the endo-
plasmic reticulum (ER) and involves the formation of in-
termolecular disulphide bonds which stabilize the structure. 
The site and process of assembly have been studied by 
pulse chase analysis and immunocytochemistry with anti-
bodies to the surface antigen and to soluble constituent 
proteins of the endoplasmic reticulum. This analysis sup-
ports a model in which assembly occurs in a compartment 
which excludes markers of ER such as protein disulphide 
isomerase (Plate 14E). This enzyme resolves intermolecu-
lar disulphide bonds, hence its exclusion may lead to the 
highly crosslinked structure observed in assembled surface 
antigen. 

Receptor mediated retention of t:onstituent 
proteins of the endoplasmic reticulum 
(Patricia Buck, Ari-Pekka Huovila in collaboration 
with the groups of John Tooze and David Vaux) 

A number of the soluble proteins of the ER have been shown 
to carry the carboxy terminal sequence -Lys-Asp-Glu-Leu 
(KDEL) which has been shown to be necessary and suffi-
cient for the retention of these proteins. Previously our group 
had developed and characterized a series of monoclonal 
and polyclonal antibodies to peptides (7-13 amino-acids 
in length) representing the carboxy terminal sequences of 
these proteins. Some of these recognize only the starting 
protein sequence and hence serve as good specific markers 
for the enzymes. These have been used to characterize 
the distribution and regulation of these proteins (Tooze et 
al., 1989a,b). Others recognize a broader range of -KDEL 
terminated proteins and allowed us to identify previously 
unknown constituent ER proteins. These broader specificity 

66 

antibodies have also served as the starting point for an 
anti-idiotypic approach to the identification of a 72 kDa 
protein which is the putative receptor for this signal (Vaux et 
al., 1989). 

The production of monoclonal anti-idiotypic antibodies which 
mimic the -KDEL signal causes dramatic changes in the 
cells. The receptor itself is upregulated more than a hundred 
fold, changing from a minor cell protein to the bulk of the 
protein synthesis in the anti-idiotype producing hybridomas 
(Plate 14F). This may indicate that receptor levels respond 
to the level of ligand. We are now generating antibodies 
against the non-ligand binding portion of the putative re-
ceptor and attempting to characterize its cellular localization 
by cell fractionation and an analysis of its post-translational 
modifications. 
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Growth control by proton transport 

Group leader: R. Serrano 

Fellows: R.Gaxiola, J.M. Pardo*, A. Parets-Soler*, E. Weber 

Visitors: P. Eraso*, E. I barz* , I.F. Larrinoa*, B.C. Monk, F. Portillo*, M. Roldan* 

Assistant: C. Montesinoso 

Proton transport, growth control and halotolerance 

pH regulation was an early need of primitive cells and 
mechanisms for proton transport must have evolved early 
in evolution. Some of them (in the prokaryotic lineage) 
became specialized for oxidative and photosynthetic phos-
phorylations while others (in the eukaryotic lineage) became 
important growth controlling systems. 

The two main phylla of eukaryotes, plants and animals, 
have different mechanisms of proton transport (Plate 15). 
In plants (as in fungi and protozoa) there is a proton-
pumping ATPase while in animal cells there is a proton-
sodium antiport, driven by the primary sodium-pumping 
ATPase. The antiport is also present in plant cells, 
where it fulfills the role of sodium extrusion. Secondary 
active transport of nutrients is driven by either proton 
or sodium symports in plant and animal cells, respec-
tively. 

The growth of both plant and animal cells always correlates 
with an activation of their proton extrusion systems (ATPase 
and antiport, respectively). However, it is not clear if this 
only creates permissive pH conditions or plays a triggering 
or signalling role. 

Although most emphasis in growth control studies is given 
to protein kinases and transcription factors, it is not difficult 
to visualize an interplay between ionic signals such as pH 
and the biochemical and genetic circuits of the cell growth 
cycle. Ionic signals may be the most primitive function 
while phosphorylation and gene induction may be later 
developments. 

Our approach to the understanding of the mechanisms of 
growth control by proton transport is based on the gener-
ation of transgenic cells with altered capabilities for proton 
transport. 

Animal cells probably evolved in sea water and developed 
a primary sodium pump for sodium extrusion and volume 
regulation. On the other hand, plant cells probably evolved in 
fresh water, developed a rigid cell wall for volume regulation 
and utilize the antiporter for eventual exposure to saline 
media. As salt stress constitutes also osmotic stress, it is 
not clear how plant cells coordinate sodium extrusion and 
osmotic adjustment and what is the limiting factor for growth 
under saline conditions. The clarification of this point is of 
vital importance for future programmes of crop improvement 
in mediterranean-like agricultures, where salinity is an in-
creasing problem. 

Our approach to this important biotechnological challenge 
starts with the isolation of yeast mutants with halotoler-
ant phenotype. Characterization of these mutants at the 
physiological and molecular levels could illuminate basic 
mechanisms in halotolerance and provide the tools for the 
generation of transgenic plants with halotolerant phenotype. 

Rate-limiting factors in yeast growth 

Plate 16 indicates the correlation between plasma mem-
brane W -ATPase activity and yeast growth rate. At acidic 
media (A) there is little difference between reduced expres-
sion of wild-type enzyme and reduced activity of normal 
levels of point mutants. In addition, slow growth correlates 
with intracellular acidification (not shown). Therefore, under 
acidic conditions the rate limiting function of the ATPase 
which mediates growth control is the extrusion of the protons 
diffusing into the cell from the medium. 

In media buffered at more neutral values (8) a decrease of 
ATPase activity by reduced expression of wild-type enzyme 
is less deleterious than decreasing the activity by point mu-
tations. In addition, under these conditions the intracellular 
pH is always within the optimal, neutral range, for growth 
(not shown). 
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PLATE 15 

Basic chemiosmotic circuits in plant and animal plasma mem-
branes. 
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Correlation between plasma membrane H+ -ATPase activity and 
yeast growth in media buffered at either pH 4 (A) or at pH 6 (8). 
0: mutants with reduced expression of wild-type enzyme (alleles 
pma1-204 and 205; Vallejo & Serrano, 1989). e: mutants with 

100 
A 

Q) 
75 

CiS 
..s:: -

50 e 
C) 
Q) 
> 

:0:; 
CO 

CD 25 a: 

o 
o 25. 50 75 

ANIMAL CELL 

s Na+ 

normal expression of partially active enzyme (alleles pma1-239, 
237, 233 and 235; Portillo & Serrano, in press). Growth rate at 
pH 4 of allele pma1-239 was below the limit of detection. 

0--0--------_ 
/ ./ , , , 

I 
I 

I , 
/ , , /. 

/ 
I 

100 0 25 50 75 100 

Relative plasma membrane H+-ATPase activity 

68 



PLATE 17 

Meiotic segregation of the halotolerant phenotype of mutant FRO. 
The four spores (a, b, c and d) of 5 tetrads and the two parental 
strains (A7A and FRO) were spotted on YPD plates containing 1.5 
M NaCI and growth recorded after 5 days. 

Table 3 

These results can be explained if the ATPase energizes 
some essential machinery driven not by the overall ener-
gization of the plasma membrane but by a localized interac-
tion with the ATPase. Therefore, reduced amounts of wild-
type enzyme could still energize this system but defective 
ATPase molecules could not. There are no clues about the 
nature of this essential machinery, the best candidates being 
potassium transport and glucan synthesis. It is hoped that 
a genetic approach based on the isolation of suppressor 
mutations from ATPase-deficient strains could illuminate the 
nature of this important system. 

Genes Involved In halotolerance 

We have isolated several yeast mutations conferring halotol-
erance and Plate 17 demonstrates the monogenic character 
of one of these. We are cloning the mutated genes and 
studying the physiology of the mutant cells in terms of 
sodium transport and osmotic regulation. It seems that the 
mutations increase the capability for sodium extrusion and 
reduce the intracellular levels of this toxic cation. 

W-ATPase activity induces tumorigenic 
transformation 

Table 3 indicates a correlation between tumorigenic trans-
formation, intracellular pH and activity of different yeast W -
ATPase alleles expressed in NIH 3T3 cells. These results 
strongly suggest that intracellular alkalinization may be a 
trigger for cell growth in these cells. The state of other 
cellular signals related to proliferation such as tyrosine and 
serinelthreonine phosphorylation, phospholipid turnover and 
gene induction is presently being investigated. 

Correlation between ATPase activity, tumorigenic transformation and Intrace"ular pH 
of NIH 3T3 cells expressing different mutants of yeast ATPase 

ATPase Activitya Transformationb Tumori! enicityC Cell pHd 
expressed (%) (%) Incidence Latency 

None - <5 0/4 - 7.09 

PMA1 100 50 4/4 4 weeks 7.32 

pma1-213 <10 <5 0/4 - 7.09 

pma1-219 <10 <5 0/4 - 7.10 

pma1-217 20-40 10 0/4 - -
pma1-236 70 30 1/2 8 weeks 7.19 

pma1-245 300 70 4/4 2 weeks 7.41 

a) Percentage of ATPase activity with respect to wild-type (PMA 1). 

b) Percentage of G-418 resistant fibroblast clones (total number 20-25) which have transformed morphology. 

c) Number of nude mice developing tumoursltotal number of animals and 
the time required for the appearance of the tumours when appropriate. 

d) Cells were washed and incubated in buffer without bicarbonate. 
Values are the average of two determinations differing in less than 0.06 pH units. 
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PLATE 18 

Immunocytolocalization of plasma membrane H+ -ATPase in oat 
roots. Longitudinal sections from root tips (upper part) and transver-
sal sections from differentiated root zones (lower part) were deco-
rated with specific antiserum coupled to alkaline phosphatase. 

Plant W -ATPase is concentrated in special tissues 

The primary pump of animals, the Na+,K+ -ATPase, is con-
centrated in the kidney epithelia, where most of the osmotic 
work of the organism is performed. In plants nothing was 
known about the tissue distribution of their primary pump, 
the W -ATPase. We have developed specific antibodies 
against the enzyme by expressing fragments of the cloned 
gene in Escherichia coli. These antibodies demonstrated 
that plant vascular bundles and root epithelia are highly 
enriched in ATPase (Plate 18). 

These observations have important consequences for the 
physiological mechanisms of transport in whole plants, sug-
gesting that absorption by the roots, xylem loading at the 
roots and phloem loading at the leaves are mediated by the 
W-ATPase. 

70 

Publications during the year 

Vallejo, C.G. & Serrano, R. (1989). Physiology of mutants 
with reduced expression of plasma membrane W -ATPase. 
Yeast, 5, 307-319 

Pardo, J.M. & Serrano, R. (1989). Structure of a plasma 
membrane W -ATPase gene from the plant Arabidopsis 
thaliana. J. BioI. Chem., 264, 8557-8562 

Monk, B.C., Montesinos, C., Leonard, K. & Serrano, R. 
(1989). Sidedness of yeast plasma membrane vesicles and 
mechanisms of activation of the ATPase by detergents. 
Biochim. Biophys. Acta, 981, 226-234 

Portillo, F., Larrinoa, I.F. & Serrano, R. (1989). Deletion 
analysis of yeast plasma membrane W -ATPase and iden-
tification of a regulatory domain at the carboxyl-terminus. 
FEBS Lett., 247, 381-385 

Serrano, R. (1989). Structure and function of plasma mem-
brane ATPase. Ann. Rev. Plant Physiol. Plant Mol. BioI., 40, 
61-94 

Serrano, R., Cid, A., Pardo, J.M., Portillo, F. & Vallejo, C.G. 
(1989). Molecular biology of plasma membrane W -ATPase. 
In Plant Membrane Transport: the Current Position: eds. 
Dainty, J., De Michelis, M.I., Marre, E. & Rasi-Caldogno, F.; 
Elsevier, Amsterdam, pp. 439-448 

Pardo, J.M. & Serrano, R. (1989). Structure of a plasma 
membrane W -ATPase gene from Arabidopsis thalina and 
amino-acid sequence of three isoforms. In Plant Membrane 
Transport: the Current Position: eds. Dainty, J., De Michelis, 
M.I., Marre, E. & Rasi-Caldogno, F.; Elsevier, Amsterdam, 
pp.499-500 

Serrano, R. & Portillo, F. (1989). Active sites of yeast 
W -ATPase studied by directed mutagenesis. Biochem. Soc. 
Transac., 17, 973-975 

Serrano, R. (1989). Knowledge about ATPases ignored. 
Trends Biochem. Sci., 14, 361 

Serrano, R. & Perona, R. (1989). Growth control by pro-
ton transport: evolutionary considerations and novel ap-
proaches based on the cloned yeast proton pump. In Hor-
mones and Cell Regulation European Symposium, 4: eds. 
Nunez, J. & Dumont, J.E.; John Libbey, London, pp.111-
116 pp. 111-116 



Electron microscopy and computer Image analysis 

Group leader: K. Leonard 

Scientist: B. Bullard 

Fellow: R. Ward 

Visitors: S. Labeit, H. Weiss*, G. Hofhaus*, M.C. Reedy*, C. Glackin* 

Assistants: C. Ferguson, A. Lakey (Muscular Dystrophy Group of G.B.) 

We are using computer image analysis to obtain structural 
information from electron micrographs of periodic biological 
objects. We are presently studying large membrane pro-
tein complexes as two-dimensional crystals in lipid bilayers, 
soluble proteins and filamentous proteins adsorbed to lipid 
monolayers and proteins specific to striated muscle. 

Mitochondrial membrane proteins (with Hanns Weiss, 
Universitat DOsseldorf) 

Images of two-dimensional crystals of unstained NADH: 
ubiquinone reductase (Complex I) from Neurospora 
crassa mitochondria have been obtained (Plate 19) which 
enable us to visualize more clearly the region of protein 
which is within the lipid bilayer and which is not seen 
in negative stain. In the presence of chloramphenicol, a 
smaller Complex I is formed which does not contain the mi-
tochondrially encoded subunits. This also forms membrane 
crystals with a smaller unit cell than the native enzyme. A 
three-dimensional reconstruction of this sub-complex has 
been carried out. A comparison of the structure with that 
obtained for the native enzyme suggests that the missing 
subunits are located mainly within the membrane in the 
native complex. Work is in progress to confirm this model 
by antibody labelling of native Complex I crystals. 

Surface mono layers 

With Franc Pattus (EMBL), we have been investigating 
methods for adsorbing proteins to surface mono layers of 
lipid to form two-dimensional crystals suitable for image 
analysis. Well ordered crystals of muscle thin filaments 

and soluble proteins such as a-toxin (Plate 20) have been 
obtained using this method. 

Muscle proteins 

In collaboration with J. Trinick (Bristol) we have isolated rab-
bit cDNAs for titin, the largest known protein (3000 kDa). The 
encoded proteins deduced from the cloned cDNAs show 
ordered patterns of 100 A domains (seen schematically in 
Plate 21), which are homologous to the fibronectin and 
immunoglobulin-like motifs found in N-CAM. Detailed study 
of these motifs should help us to understand the function of 
titin in vertebrate striated muscle. 

We have also identified two new high molecular weight 
proteins in insect flight muscle. One of these (700 kDa) 
may be analogous to nematode twitchin which has titin-
like repeating motifs. The position of these proteins in the 
sarcomere is being determined by immuno-f1uorescence 
microscopy and immuno-electron microscopy (Plate 22). 
Two hydrophobic proteins associated with the Z-disc are 
also being studied and, using the EMBL confocal laser 
scanning microscope, it has been possible to show that one 
of these (23 kDa zeelin) extends away from the z-disc and 
surrounds the sarcomere. 

Publications during the year 

Newman, R., Tucker, A., Ferguson, C., Tsernoglou, D., 
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p68 on lipid monolayers and as three-dimensional single 
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PLATE 19 

Frozen hydrated membrane crystals of NADH:ubiquinone reductase 
(Complex I). 

PLATE 20 

Two-dimensional crystals of a-toxin prepared on a lipid monolayer. 
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PLATE 21 

Titin cDNA clones (T3 and T4) isolated with the anti-titin antibody 
MS2 encode ordered patterns of 100 A motifs (open boxes class I, 
stippled boxes class" motifs). PCR walking cycles have then been 

Extension by peR 
MS2 

used to extend cDNAs in the S' direction and to link the T3 and T4 
regions as shown. 

MS2 

PLATE 22 

Cryo-section of insect flight muscle. The 700 kDa protein (see text) 
is labelled with antibody/gold at either side of the z-disc. 
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High-resolution electron crystallography of a membrane protein: The light-harvesting complex 
from plant chloroplasts 

Group leader: W. KOhlbrandt 

Fellows: D.N. Wang, S. Nussberger* 

Visitors: D. Ritchie*, I. Tews* 

Assistant: K. Dorr 

The Iight-haNesting chlorophyll alb protein complex (LHC-II) 
is one of the most abundant membrane proteins, binding 
about half of the total chlorophyll in the biosphere. In the 
chloroplast membrane, LHC-II functions as the major an-
tenna of solar energy which powers plant photosynthesis. 
The complex also has a key role in membrane appression 
and mediates the distribution of excitation energy to the re-
action centres of photosystems I and II. Each 25,000 LHC-II 
polypeptide binds 15 molecules of chlorophyll, as well as 
a variety of carotenoids and lipids. LHC-II is isolated as a 
trimer from detergent solution (Butler & KOhlbrandt, 1988). 
The detergent-solubilized complex can be induced to form 
two-dimensional (KOhlbrandt, 1984) and three-dimensional 
(KOhlbrandt, 1987) crystals. We are using the two-
dimensional crystals to determine the structure of this mem-
brane protein at high resolution by electron crystallography. 

After modifying the crystallization conditions we can now 
grow large (5-10 I'm) two-dimensional crystals repro-
ducibly. Crystals of this size yield high-resolution (3.1 A) 
electron diffraction patterns. Specimens tilted at an angle 
of 60° in the electron microscope show sharp diffraction 
spots at 3.8 A resolution in the direction perdendicular to 
the tilt axis (Plate 23). This indicates that we will be able 
to collect a high-resolution three-dimensional set of electron 
diffraction amplitudes and we are in the process of doing 
so. Phases of Fourier components are being determined by 
high-resolution image processing of two-dimensional crys-
tals. We have already obtained phases to 3.7 A resolution 
from untilted crystals and used these to generate a high-
resolution map of the complex in projection onto the mem-
brane plane (KOhlbrandt & Downing, 1989). This map (Plate 
24(1)) shows the projected structure of the LHC-II trimer in 
detail and suggests two roughly triangular domains within 
the monomer, related by a local two-fold axis, which may 
reflect a sequence homology within the LHC-II polypeptide. 

For the recording of high-resolution images and diffrac-
tion patterns such as shown on Plate 23, the crystals 

were washed with tannin, cooled instantly with liquid ni-
trogen and examined in the electron microscope at a 
temperature of approximately -130°C. High-resolution elec-
tron diffraction patterns were also recorded from crystals 
frozen after washing with glucose or frozen-hydrated in 
1 % glycerol although the success rate was rather low 
in both instances. To determine whether our standard 
tannin procedure causes any alterations to the structure 
of LHC-II at high resolution, we calculated Fourier dif-
ference maps from electron diffraction data from crys-
tals in these three media, using high-resolution phases 
from crystals washed with tannin. Plate 24 shows a dif-
ference map of frozen-hydrated and tannin-treated crys-
tals at the same resolution (3.7 A) as the projection 
map. The absence of distinct peaks in the difference 
map indicates that there are no significant structural dif-
ferences at this resolution and that, therefore, a three-
dimensional map of the complex derived from crystals sta-
bilized with tannin will show the structure of the native 
complex. 

Images of two-dimensional crystals for phase determi-
nation by high-resolution image analysis were recorded 
with the cryo-electron microscope in the Laboratory of 
R.M. Glaeser and K.H.Downing at the University of Cal-
ifornia, Berkeley. This instrument is unique in combin-
ing a high-resolution cold stage with cryo-transfer facil-
ity and a field emission electron gun, and therefore of-
fers excellent conditions for high-resolution imaging of 
radiation-sensitive material. In collaboration with the groups 
of Max Haider and Arthur Jones in the Physical Instru-
mentation Programme, we are in the process of con-
structing a high-resolution cryo-transfer holder for one 
of our electron microscopes, based on a design by R. 
Henderson, MRC LMB, Cambridge. We have also in-
stalled a computer control system on this instrument. With 
these technical developments we should soon be able to 
record high-resolution images of biological specimens at 
EMBL. 
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PLATE 23 

Electron diffraction pattern of a two-dimensional crystal of the 
light-harvesting chlorophyll alb-protein complex from chloroplast 
membranes. The crystal was tilted by 60° relative to the incident 
electron beam. Crystals measuring about 5-8 p.m across and 60 A 
in thickness were placed on a carbon support film, washed with 

Publications during the year 

KOhlbrandt, W. & Downing, K.H. (1989). Two-dimensional 
structure of plant light-harvesting complex at 3.7 A resolution 
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tannin and cooled rapidly in liquid nitrogen. Diffraction patterns 
were recorded at approximately -130°C. Sharp diffraction spots are 
visible to 3.79 A in the direction perpendicular to the tilt axis and to 
about 3.3 A resolution along the tilt axis. 
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Sci. USA, 85, 3797-3801 
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PLATE 24 

(1) Projection map at 3.7 A resolution of two-dimensional crystals 
of LHC-II. The unit cell (a=b=127 A. 1'=60°) contains two trimeric 
complexes which have opposite handedness in projection due to 
the crystal symmetry (plane group p321). 

c 

o 0 

0° 
cO 

. 0 

(2) Difference map between the projection map obtained from 
specimens washed with 0.5% tannin and crystals frozen-hydrated in 
1% glycerol. The absence of peaks in the difference map indicates 
that tannin which has a stabilizing effect on the crystals does not 
cause detectable alterations of the molecular structure. 

(1 ) 
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Protein crystallography, cryo-electron microscopy of reovirus 

Group leader: P. Metcalf 

Fellow: R. Arni* 

Visitor: L. Andersen* 

Assistants: C. Rice, W. Dettmer 

Crystallography 

High resolution structural work requires large high quality 
crystals and much of our effort in 1989 was involved in 
obtaining and purifying the milligram quantities of proteins 
required for crystallization trials. Three of these projects will 
be discussed below. 

Significant progress was also made on the other interest of 
our group: the structure of reovirus. A steady improvement 
in the resolution of the particle has revealed the intricate 
pattern of the molecules forming the surface of the virus 
particle (Plate 25). Progress during the last year is summa-
rized below. 

Cathepsin 0 

Cathepsin D is a 45 kDa lysosomal protease with 50% 
sequence homology to two secreted aspartic proteases, 
pepsinogen and renin. Because of the strong sequence 
homology the structure of cathepsin D is likely to be very 
similar to the other two prot eases. It is the exact nature 
of the differences that interests us. Cells export renin and 
pepsinogen but cathepsin D, by contrast, is tagged with 
mannose-6-phosphate residues in the cis-Golgi and carried 
to Iysosomes by mannose-6-phosphate receptor molecules 
(Kornfield & Mellman, 1989). We intend to solve the struc-
ture of cathepsin D and we expect to see where the 
mannose-6-phosphate carbohydrate labels are attached on 
the cathepsin D structure. A comparison of the structures of 
all three proteases should reveal why cathepsin D molecules 
are labelled for transport to Iysosmes and not the very sim-
ilar renin or pepsinogen molecules. We want to understand 
the structural determinants necessary for sorting molecules 
destined to Iysosomes. 
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Cathepsin D was obtained from Thomas Ludwig of the 
HofiackiGruenberg group, and milligram quantities of an 
isoform were purified by preparative free-flow isoelectric 
focusing. Good quality crystals were obtained which diffract 
to 3.2 A and are stable in the x-ray beam. We are currently 
improving the purification with a view to further increasing 
the resolution and finding out how to improve the yield of 
crystals. 

Complement protein C1 r 

Antigen-antibody complexes bind to and activate the com-
plement component C1 in the first stage of the classical 
complement pathway. The earliest known activation step 
involves the clipping of an 83 kDa C1 component called 
C1 r, which then becomes the first of a series of proteases 
in the complement cascade. 

We have obtained two crystal forms of a 50,000 kDa "cat-
alytic domain" of C1 r. The crystallized fragment contains 
a serine protease domain and two copies of a domain 
corresponding to a 60 amino-acid "SCR" sequence motif 
that occurs in many complement and clotting enzymes 
(Campbell et al., 1988). 

By solving the structure of C1 r we hope to learn more 
about the activation of complement. The structure of the 
SCR domain is also interesting because of the widespread 
occurrence of this motif. 

One crystal form diffracts to 3.9 A, and the other crystal is 
still uncharacterized. Attempts to improve the resolution are 
seriously limited by the small amount of C1 r protein we have 
available. 



PLATE 25 

Computer image of the surface of a reconstruction made from 
cryo-electron micrographs of reovirus. The virus shell has T =13,1 
icosahedral symmetry with 60 ring shaped capsomers consisting 
of 6 dimeric protrusions. Sets of 4 similar protrusions surround 12 
pentamer craters. 

PLATE 26 

Computer image of a reovirus core particle. The protrusions are 
located below the pentamer craters of the shell. 
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Trypanosomal tubulin (with D. Russel & T. Seebeck) 

The structure of tubulin has been a long sought after goal 
in many crystallographic laboratories. The main problem 
preventing effective crystallization trials has been the insta-
bility of tubulin dimers and their tendency to aggregate. Our 
approach has been to purify the abundant and hopefully 
stable structural tubulin from the trypanosomatid Crithidia 
fasciculata. We will test this material to see if it is suitable 
for crystal trials. 

Reovirus 

Reovirus is a ubiquitous and asymptomatic human virus with 
a genome consisting of 10 dsRNA molecules of total length 
about 15 kb. Virus particles have two protein shells and 
"core particles" produced from them by proteolysis consist 
of only the inner shell and the dsRNA. Reovirus cores 
are capable of producing capped mRNAs in vitro. Similar 
particles produce mRNA in the cytoplasm of infected cells 
(Metcalf,1987). 
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We have made computer reconstructions of intact reovirus 
(Plate 25) and of cores (Plate 26) using cryo-electron mi-
crographs made by Marc Adrian in Lausanne and by Marek 
Cyrklaff (EMBL). This work is a collaboration with the Fuller 
group. 

The outer shell of reovirus consists of a open network of 
dimers and is unlike any other virus coat. The shell contains 
120 holes surrounded by rings of 4 or 6 dimeric protrusions 
which are likely to be dimers of the 34 kDa outer shell protein 
sigma 3. 
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Structural studies of proteins and protein-ligand-complexes 

Group leader: R.K. Wierenga 

Fellows: M.E.M. Noble, K. Pratt* 

Visitor: S.E. Nauche* 

Assistant: J.Ph. Zeelen* 

Proteins are extremely complex molecules. The versatile 
properties of these molecules are determined by the three-
dimensional architecture and flexiblity of their individual 
atoms as well as by the surrounding conditions, such as for 
example solvent, pH, temperature. It is our goal to determine 
accurate structures of proteins as well as of protein-ligand 
complexes to improve our understanding of the properties 
of these important molecules. 

Trypanosomal triosephosphateisomerase (TIM) 

TIM is a dimeric glycolytic enzyme. Each monomer consists 
of 250 residues. The studies of trypanosomal TIM are being 
carried out in an active collaboration with W. Hoi (Gronin-
gen), F. Opperdoes/P. Michels (Brussels) and H. Kessler 
(Munich). As a result of these studies we hope to find se-
lective inhibitors of trypanosomal TIM. Such compounds are 
potential drugs for the treatment of trypanosomal diseases. 
Trypanosomal TIM has been crystallized in the presence of 
2.4 M ammoniumsulphate. These native (2.4 M sulphate) 
crystals can be transferred to a PEG6000 solution which 
does not contain any sulphate or to a PEG6000 motherliquor 
in which a TIM-ligand, for example a substrate-analogue, 
has been dissolved (Schreuder et al., 1988). With such 
transfer experiments different TIM-complexes have been 
obtained and their structure has been determined. The 
currently available datasets are shown in Table 4. 

The native (2.4 M sulphate) structure of trypanosomal TIM 
is now well refined (Table 4). Several interesting features 
can be recognized in this structure: 

(1) A well defined sulphate ion is observed only in the 
active site of sUbunit-2 in the crystal structure. In this 
active site the flexible loop is in a closed conformation, 
stabilizing the sulphate-ion through a main chain hydro-

gen bond from N(173) to a sulphate oxygen. The active 
site of subunit-1 is near a crystal contact region. This 
crystal contact destabilizes the "closed" conformation 
of the loop as well as the presence of the sulphate 
ion, thereby introducing considerable structural differ-
ences between subunit-1 (no sulphate, or at most a 
weakly bound sulphate, in the active site; flexible loop 
is "open") and subunit-2 (sulphate ion in the active site; 
flexible loop is "closed"). Important differences between 
the two subunits are: 

The tip of the flexible loop (between ,B-strand B6 
and a-helix A6) is shifted by 7 A. 
Also the loop between ,B-strand B5 and a-helix 
AS, and the loop between ,B-strand B7 and a-helix 
A7 are shifted somewhat. 
The flexibility of the side-chain atoms of the cat-
alytic residue Glu167 is changed. 

(2) The flexible loop consists of 14 residues: Glu1670ust 
after ,B-strand B6)-Pr0168-VaI169-Trp17D-Ala171-
lIe172-Gly173-Thr174-Gly175-Lys176-VaI177-Ala178-
Thr179-Pr0180 (at the beginning of a-helix A6). The 
tip of the loop, residues IIe-Gly-Thr-Gly, has a very 
similar conformation in both subunits (rms-difference 
for the 16 main chain atoms is .3 A). Apparently the 
tip of the loop moves as a rigid body. It is interest-
ing to note that the only side-chain atom which is 
a potential hydrogen-bonding partner, the OG1-atom 
of Thr174, is in both conformations hydrogen-bonded 
to the carbonyl-oxygen atom of Trp170. The confor-
mation of this four residue fragment is not unique 
as was shown by a databank-search done by Anna 
Tramontano (EMBL); for example the main chain atoms 
of the peptide 243-246(Asn-Gly-Asp-Gly) of the PDB-
structure 3APR (aspartic protease) superimpose with a 
rms-difference of .5 A. 
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Table 4 

CURRENTLY AVAILABLE DATASETS OF THE TIM PROJECT 

Data statistics Refinement statistics 

Compound Maximum R-merge* Number R-model** Geometry 
resolution A ('Yo) of atoms ('Yo) deviation*** 

1. Native (2.4 M 1.83 9.0 4088 18.3 0.019 
ammonium sulphate) 

2. Glycerol-3-phosphate 2.2 4.3 3879 14.4 0.014 

3. 3-Phosphoglycerate 2.15 5.1 3928 14.7 0.016 

4. 3-Phosphonopropionate 2.6 2.3 3816 13.2 0.014 

5. iso 3-phosphono- 2.5 5.3 3822 16.7 0.018 
propionohydroxamate 

6. 2-Phosphoglycerate 2.4 5.8 3850 16.0 0.015 

7. Salicyl phosphate 2.7 5.8 3778 27.3 0.014 

8. 1-Aminonaphthalene- 2.8 6.5 3817 13.9 0.018 
4,6,8-trisulphonate 2.8 6.5 3817 13.9 0.018 

*** Geometry deviation=rms difference between observed and ideal lengths of covalent bonds (A). 

(3) There are 292 unique water molecules in the crystal 
structure. Gert Vriend (EMBL) in collaboration with us 
is implementing several options in WHAT IF to aid the 
analysis of the water structure, in particular to take 
into account the contacts due to the crystallographic 
symmetry operators. Taking these into account it has 
been found that there are 323 water molecules within a 
shell of 4 A around the protein. At the interface between 
the two subunits there are 30 water molecules; 18 
interface water molecules are related by the local two-
fold axis. One interface water molecule is sitting on 
the local two-fold axis, it is hydrogen bonded to the 
carboxyl-group of Glu77 as well as to its symmetry-
related carboxyl-group. Several of the interface water 
molecules are completely buried. Clearly these water 
molecules play an important structural role. 

Crystallographic binding studies with trypanosoma I TIM 

The goal of this work is to design selective inhibitors of 
trypanosomal TIM, on the basis of known structures and 
model-building studies. This can only be achieved in a 
cyclic process, where crystallographic binding studies play 
an important role. Selective inhibitors can interfere with the 
proper functioning of TIM in a number of different ways: 
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binding to the import signals will prevent uptake into the 
glycosome. (the glycosome is the trypanosomal micro-
body where the glycolytic pathway is sequestered); 

binding near the active site will inhibit the catalytic 
properties; 
binding at the interface will prevent the formation of the 
functionally active TIM-dimer. 

Several binding studies have been carried out (Table 4). The 
results will be discussed in three parts in agreement with 
the three different modes of activity, as described above. All 
these binding studies have been done by transferring the 
native (2.4 M sulphate) crystals to the alternative PEG6000 
mother liquor not containing any sulphate ions. 

(1) One of the crystallographic binding studies has been 
carried out with a trisulphonated naftalene ring. It has 
been speculated that this highly negatively charged 
compound might bind to the positively charged patches 
on the surface of trypanosomal TIM, which mayor may 
not be relevant for the import mechanism (Wierenga et 
al., 1987). The crystallographic analysis did not give 
any evidence for binding. However as an interesting 
side-result we observed that the closed flexible loop of 
subunit-2 did change to the open conformation due to 
the absence of sulphate ions in the mother liquor. The 
important conclusion is that the flexible loop, which in 
both crystals (native (2.4 M sulphate) and sulphate-
free) is not involved in any crystal contacts, prefers to 
be open in the absence of sulphate and closed in the 
presence of sulphate. 



PLATE 27 

·Omit-Difference"-map of the active site of the TIM-glycerol-3-
phosphate complex. This is a SIGMAA-weighted (Fo-Fc)-map cal-
culated from a model of the complex which had been refined (with 

PLATE 28 

Diffraction pattern of thiolase. This is an 11°precession picture of 
the Okl-zone taken on a rotating anode equipped with a nickel filter 

TNT), with the glycerol-3-phosphate omitted form the coordinate 
list. 

and running at a power of 40 kV and 70 mAo The exposure time 
was 30 hrs. 
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(2) The structures of several complexes of TIM with dif-
ferent substrate analogues have been determined (Ta-
ble 4). All these structures have been extensively re-
fined, first with rigid-body-refinement (using TNT), then 
MD-refinement (using the GROMOS MDXlEMX soft-
ware) and subsequently restrained least squares re-
finement (TNT). All the models have also been carefully 
compared the respective electron density maps. 
Plate 27 shows the fit of glycerol-3-phosphate in an 
omit map. Together with Johan Postma (EMBL) the 
GROMOS-refinement package has been made more 
flexible. Sofar the major conclusions of these binding 
studies are: 

the inhibitors bind only at the active site of subunit-
2; 
the phosphate moiety binds at approximately the 
same position as the sulphate ion, but slightly 
more towards the bottom of the active site cavity; 
consequently the flexible loop moves little further 
with respect to the native (2.4 M sulphate) struc-
ture; 
the peptide plane of residue 212 (near the phos-
phate moiety) is flipped with respect to the orien-
tation in the native (2.4 M sulphate) structure; 
the side chain of the catalytic residue Glu167 
takes up different conformations in the different 
complexes. 

(3) In the group of Kessler, cyclohexapeptides have been 
synthesized. The cyclopeptides, synthesized by Os-
owski, have been designed to mimick the impor-
tant interface loop Phe74-Thr75-Gly76-Glu77. Such cy-
clopeptides are expected to have affinity for monomeric 
TIM. So far it has turned out to be difficult to prove 
this. 

Further studies with trypanosomal TIM 

Through our collaboration with Kessler we have also ob-
tained a number of cyclohexapeptides (not related to the 
interface loop analogues) which are selective inhibitors (Ki 
is approximately 10 pM) of trypanosomal TIM. Preliminary 
crystallographic binding experiments indicate that the mode 
of binding of these peptides cannot be investigated with 
the current crystal form; binding of these cyclopeptides is 
apparently hindered by crystal contacts. Therefore it is im-
portant to carry out cocrystallization experiments. For such 
experiments significant amounts of protein are required. 
In collaboration with Michels we are currently setting up 
a expression system for trypanosomal TIM. Once 
succesful this will allow a wide range of crystallographic 
binding studies. It will also enable us to initiate protein 
design experiments. 

Crystallization of new proteins 

Experiments have been carried out with a number of dif-
ferent proteins: eukaryotic EF1 a (collaboration with Moller, 
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Leiden), cMGF (collaboration with Leutz (EMBL» and thio-
lase (collaboration with Kunau (Bochum». 

EF1 a is involved in the elongation step of protein syn-
thesis. The EF1 a-GTP-complex binds AA-tRNA and 
delivers it to the ribosome. 

cMGF is the chicken myelomonocytic growth factor. 
It has a molecular weight of 23,000 (201 residues). 
Significant sequence homology with mouse G-CSF 
(50%) and human IL-6 (40%) has been detected. 

The experiments with yeast thiolase have resulted in 
a number of different crystal forms, one of which is 
suitable for a high resolution structure determination 
(Plate 28). This thiolase is a peroxisomal enzyme.lt is 
a dimer and the sequence is known. Each monomer 
consists of 417 residues. The enzyme is synthesized in 
the cytosol but subsequently imported into the peroxi-
some, where it catalyzes the last step of the ,B-oxidation 
pathway. These thiolase crystals are grown by a micro-
dialysis technique using polyacrylamide as a dialysis 
membrane. The crystals (0.3*.3*.15 mm3 ) grow in a 
MOPS-buffer, pH=6.5, 1 mM EDTA, 1 mM on, 1 mM 
sodiumazide at room temperature. The spacegroup is 
P212121, with cell dimensions a=71.8 A, b=93.8 A and 
c=119.9 A. The asymmetric unit consists of one dimer. 
The crystals are somewhat radiation-sensitive but fresh 
crystals diffract to at least 2.4 A. 
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Crystallographic methods 

Group leader: P.A. Tucker 

Scientists, Engineers: A. Moussavi, D. Wild* 

Fellow: D. Thomas* 

Visitors: S. Baudet*, S. Cusack*, J. Janin*, C. Kalk*, N. Nassar*, R. Nechushtai*, G. Petsko*, G. Schultz*, G. Shoham*, T. Stehle*, I. Tanaka*, 
M. Weiss* 

The aim of the group is to implement and develop methods 
that facilitate macromolecular crystal structure determina-
tions. We do not believe this to be useful in isolation from 
biological problems and therefore collaborations with other 
structural groups both inside and outside the laboratory are 
necessary and actively sought. 

Area detectors 

During the year the DIP1 00 image plate device (on loan from 
MAC Science) has been extensively tested. The measured 
point spread function (FW1 %M 50 pixels2) together with the 
large active area (2 x 1 06 pixels2) and reasonable detection 
efficiency (4 photon equivalent) suggested the device should 
be competitive with the Enraf-Nonius FAST (F) and Siemens 
X100A (X) systems. The dynamic range has been found ad-
equate and the response linear over the whole range. lime 
decay of the latent image would not appear to be serious 
during the read-out period. The parameterization has not 
routinely translated into equivalent quality in crystallographic 
terms. This is partly because the software is still under 
development but it is also certain that in routine operation 
the signal-to-noise ratio in diffraction experiments will be 
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worse than for (X) and (F). This is because the long frame 
read-out time (ca 3 mins) requires that data collection be 
made over larger oscillation ranges. Just recently the system 
has had superior photomultiplier tubes installed and we are 
evaluating the improvement. Software that allows transfer of 
preprocessed data to a J1.VAX has been completed and our 
profile fitting software running on that machine has yielded 
the first good quality data set (meaning comparable in 
quality to data measured with (F) and (X)) from a lysozyme 
crystal with an R(F2) of 5.5%. 

The (F) system (originally on loan, see last year's Boulin 
Group report) proved unsatisfactory and was replaced by 
a new system (with temperature stabilization, short arm 
goniostat and new detector) in June. The new (F) system, 
principally because of software improvements and the ther-
mal stability, has produced excellent results in comparative 
studies (Table 5) with (X) and has been purchased. There 
is still a calibration problem (resulting in overestimation 
of intensities at the edge of the active area) which can 
be empirically corrected but for which we still require an 
analytical correction. 

DATA COLLECTIONS FROM THE SAME CRYSTAL ON (X) AND NEW (F) 

Material FIX dmin A Nmeasured R(F2) Rate %rejects 

(cell lengths in A) (Nunique) reflns/min 

Lysozyme F 2.0 5930 (2414) 7.1 22 6 

(79x79x38) X 2.2 7360 (5154) 8.0 23 1 

Rop F 2.0 6883 (3477) 4.2 4 <1 

(59x40x28) X 2.0 6895 (4355) 6.8 4 6 

CPA F 2.0 34634(14295) 3.7 32 <1 

(52x60x47) X 2.0 40056( 16858) 5.9 26 3 

DBP X 3.0 10085 (5968) 8.0 18 2 

(79x76x67) F 2.6 12360 (6821) 7.1 20 <1 
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In house projects that have used detector time have 
been seryl-t-RNA synthetase (Cusack group), RNaseT1 
(Metcalf group), DNase I/octanucleotide complexes (Suck 
group), actin/DNase I complex (Suck group), nuclease P1 
(Suck group), adenovirus DBP (Tsernoglou, Tucker groups), 
aerolysin (Tsernoglou group), phosphoporin (Tsernoglou 
group), colicin N (Tsernoglou group), Rop (Tsernoglou, 
Sander groups) and thiolase (Wierenga group). This year's 
external visitors have been primarily interested in com-
paring area detector systems but in addition to this 
some useful work has been done on elastase com-
plexes (Petsko), carboxypeptidase A (Shoham, Nechush-
tail, porin (Schultz, Weiss) and barnase-d(GC) (Janin, 
8audet). 

Treatment of errors in data collection 

The usefulness of x-ray diffraction data depends critically 
on its accuracy. Systematic attempts to eliminate or to 
overcome known sources of inaccuracy will not only pro-
duce more accurate structural information, but will also 
widen the applicability of specialized methods to deter-
mine the phases of reflections. In some cases, more ac-
curate data-collection will result in a faster solution of 
the structure, whilst in other cases it may even allow a 
structure to be solved which was previously intractable. 
A major source of inaccuracy can be eliminated or much 
reduced by calibrating correctly the detectors that we use. 
A method of calibrating the spatial distortion of an area-
detector diffractometer to the limits of measurement has 
already been published, and methods of calibrating the 
uniformity of response to the limits of current experimen-
tal technique have been developed. When both of these 
techniques are applied, systematic errors of estimation of 
diffraction spot intensities are much smaller than errors 
caused by other known effects, notably x-ray absorption 
in the crystal, in its mother liquor, and in the enclosing 
capillary. 

Once systematic errors of measurement have been tackled, 
it becomes sensible to try to reduce the random errors 
attributable to x-ray background counts. These can gener-
ally be reduced by good experimental technique, but for 
a given source of x-rays and detector system there are 
limits to the possible improvements. It has been known 
for many years that a worthwhile improvement can be 
made by analyzing the shapes of the diffraction spots. This 
technique can be rather dangerous, because it is easy (by 
adopting inappropriate interpolation schemes) to achieve 
an apparent reduction in random errors at the expense of 
a concomitant increase in systematic errors. This trait is 
displayed to some extent by all methods of profile-fitting of 
area-detector data currently in use. An improved method 
based on an exact analysis of the kinematic model of 
diffraction is now being developed. At the moment we are 
confining ourselves to the regime of weak absorption, which 
means reasonably small crystals or short x-ray wavelengths. 
However, this is not seen as a particularly serious restriction, 
because it is in exactly this regime that a reduction of 
random errors from poor counting statistics is most impor-
tant. 
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Cryocrystallography 

Techniques are being developed to facilitate measurement 
of data at liquid nitrogen temperatures. The primary aim 
is to reduce radiation damage during data collection, this 
being particularly important for the yeast thiolase project 
(Wierenga group) where damage is severe and rapid. 
A secondary aim is to try to find conditions for which 
increased resolution can be achieved at low tempera-
tures. 

Protein crystallographic software 

Workstations, coupling powerful processors with user 
friendly windowing environments, offer the protein crystal-
lographer the prospect of enhanced productivity. However, 
much of the software commonly used by the protein crys-
tallographic community was written many years ago and 
does not exploit these new developments in computing 
technology. 

Work has begun on the development of a workstation-
based, user-friendly windowing environment for protein 
crystallographic calculations. A prototype interface to the 
widely used CCP4 program suite has been designed, us-
ing the DECwindows toolkit, and this interface will be 
further developed over the next year. Support for the 
CCP4 package in its current form is also provided by the 
group. 

Collaborative projects 

Adenovirus DNA-binding protein 
(in collaboration with Tsernoglou group) 

Replacement of NaCI by NaN03 has allowed the derivative 
search to continue. So far however only one derivative with 
phasing power to 3 A has been obtained using KAu(CN)2. 
Although many others have shown differences in intensi-
ties indicative of derivitisation, non-isomorphism remains a 
problem. The search is currently being centred around soak 
conditions involving close to equimolar amounts of mercuric 
compounds and protein. 

TIM binding studies 
(in collaboration with Wierenga group) 

Cyclic peptides have been synthesized in the group of 
Professor Kessler (Technical University, Munich). Surpris-
ingly, some of these turned out to be specific inhibitors 
of trypanosomal TIM, although the mode of binding of 
these cyclic peptides is unknown. The NMR structure 
of some of the peptides has been determined and, in 
the absence of experimental crystallographic data, their 
mode of binding to trypanosomal TIM is being investi-
gated by modelling techniques. The method of Kuntz et 
al. (1982), which involves describing both ligand and en-
zyme receptor surface as sets of overlapping spheres, 
is being used to determine possible binding sites as 
a prelude to further modelling and experimental stud-
ies. 
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Gene Expression Programme 

Introduction 

The "central dogma" of molecular biology states that "DNA 
makes RNA makes Protein". This is a summary of the 
flow of information from the genetic material (DNA) to the 
effector molecules (RNA and protein) responsible for the 
implementation of the genetic blueprint. Each step of the 
pathway of gene expression is complex and, furthermore, 
is subject to regulation. The goals of this Programme are 
to study the molecular details of the mechanisms of gene 
expression and its control in eukaryotes. The approaches 
employed are biochemical. genetic and molecular biological. 
This powerful combination enables the dissection of even 
extremely complex processes on the expression pathway. 
Different groups within the Programme study gene expres-
sion at different levels. One major effort is in the analy-
sis of tissue-specific gene expression. The mechanism of 
transcriptional control of genes characteristic of mature liver 
(e.g. serum albumin) or thyroid (e.g. thyroglobulin) suggests 
that their expression depends, in part, on the presence of 
tissue-specific transcriptional activators. Several such acti-
vators have been characterized, purified and cloned. It is to 
be hoped that study of their regulation, in turn, will provide 
clues as to the primary events involved in the differentiation 
of tissue- and cell type-specificity. The structural basis by 
which these activators work to stimulate transcription is also 
under intense study by many approaches, including' the 
analysis of mutant forms of the activators produced in yeast 
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or in vaccinia virus infected human cells. The information 
and experience obtained from the analysis of vaccinia gene 
expression over the past few years is invaluable in the 
applied use of the viral vector system for such projects. The 
next step in eukaryotic gene expression is the processing of 
the primary transcripts to their mature form. One aspect of 
this is the removal of intervening sequences by the process 
of splicing. This is the subject of study of groups in the 
Programme working on organisms as diverse as humans, 
frogs and fungi. Of particular interest are the snRNPs, the 
best characterized factors involved in the formation of the 
complexes in which splicing takes place. The level of our 
current understanding of the splicing process is such that no 
enzymatic activities involved in splicing have been identified. 
More surprisingly, exactly the same can also be said about 
the ribosome-mediated translation of messenger RNA into 
protein, although ribosomes have been objects of study for 
several decades. The final subjects of research in the Pro-
gramme are ribosome biogenesis and the regulation of gene 
expression in the cytoplasm. This means regulation either at 
the level of translation or of messenger RNA stability. Thus 
the Programme is equipped for the study of gene expression 
at all levels. The importance of this in eukaryotes is that the 
expression of many genes is controlled at more than one 
step. Thus, in order to study gene regulation in its entirety, 
many approaches must be utilized in parallel. 



Gene expression 

Group leader: R. Cortese 

Scientists: V. De Simone, P. Monaci, A. Nicosia 

Fellows: R. De Francesco, M. Frain*, J. Gerstner*, F. Gounari, C. Mitchelmore, G. Morrone*, G. Piaggio, V. Poli, D. Ramji, L. Tomei 

Visitors: S. Cerenghini*, F. Green*, D. Lazzaro*, F. Mancini*, M. Nuzzo, R. Tafi* 

Assistants: L. De Magistris, S. Stampfli, P. Stevenson 

Transacting factors and the liver phenotype 

The main effort of the group is concentrated towards the 
characterization of the molecular mechanism responsible 
for constitutive and regulated liver-specific gene expression 
during development and differentiation. Previous work has 
allowed the definition of the cis-acting signals and the 
trans-acting factors necessary and sufficient for activation 
of several liver-specific genes in vitro, in cultured cells and 
in transgenic mice. During 1989 the work has proceeded to-
wards the cloning and characterization of the genes coding 
for liver-specific trans-acting factors responsible for consti-
tutive expression of liver-specific genes and for the induction 
of transcription of some liver-specific genes by interleukin-6. 

LF-B1, the major liver-specific trans-acting factor 

Previous studies in our and other laboratories have es-
tablished that most liver-specific genes depend for their 
expression on the interaction with the nuclear protein LF-81. 
On the basis of several lines of evidence, it appears clear 
that LF-81 is the major liver-specific trans-acting factor. We 
have been able to purify it to homogeneity and to clone the 
corresponding cDNA. It was possible to use the cDNA clone 
to express LF-81 in mammalian cells, in E.coli and in yeast. 
These studies allowed a thorough analysis of the structure, 
function and biosynthesis of LF-81. 

Structure and function of LF-B1 

The main conclusions are: 
(1) LF-81 is a transcription activator. The capacity to acti-

vate liver-specific genes resides in a short amino-acid 
sequence, containing a high amount of proline. 

(2) The DNA binding domain is very unusual. First, it is 
very large, encompassing ca. 250 amino-acids. The 
most distinguishing feature is the presence of a highly 
diverged homeobox-like domain. The classical home-
obex domain, which is very conserved during evolution, 
is 60 amino-acids long, and displays a highly conserved 
amino-acid sequence which has recently been shown 
to fold in a helix-turn-helix structure. The LF-81 home-
odomain displays equally high conservation for the first 
and the third helix, but has an extra long middle region, 
approximately corresponding to the second helix. The 
overall dimension of this domain is 81 amino-acids. 
Site-directed mutagenesis experiments show that it is 
possible to remove most of the extra amino-acids, 
generating a canonical homeobox domain, still capable 
of binding to the same DNA sequence. The functional 
and evolutionary implication of such dramatic variation 
on the universal homeobox theme are being stud-
ied. 

(3) LF-B1 is the only metazoan homeobox containing DNA 
binding protein that exists and binds DNA as a dimer. 
The dimerization domain is localized at the extreme 
amino-terminal portion of the protein. Its amino-acid 
sequence and physico-chemical properties suggest 
that it might fold in a dimer composed of two am-
phipathic helices, wrapped one around the other in 
a coiled-coil conformation. This is also the structure 
predicted for the well known leucine zipper: it appears 
therefore that there are several versions of the basic 
coiled-coil dimerization domain, of which the leucine 
zipper and the LF-81 coiled-coil are distinguishable 
subclasses. 
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Biosynthesis of LF-B1 

The gene coding for LF-B1 maps on the human chromo-
some 17, (17q12, very close to the centromer). We have 
cloned the gene, obtained a partial sequence and identified 
its promoter. We could define at least four LF-A1 DNA 
binding sites scattered within 2500 nucleotides of 5' flanking 
sequence. This is especially interesting because LF-A 1 is 
the other liver-specific trans-acting factors that we have puri-
fied and characterized. This observation allows a preliminary 
outline of the hierarchical relationship among liver-specific 
transcriptional factors: it appears that the activity of LF-A1 
is a prerequisite for the expression of the LF-B1 gene. 

LF-B1 is highly expressed in the adult liver and in kidney. 
During development LF-B1-like mRNAs are detectable very 
early, at the egg cylinder stage. They are abundant in the 
parietal endoderm and in the yolk sac. Recently it has 
been possible to distinguish two mRNAs coding for slightly 
different forms of LF-B1, indicating that there must be at 
least two different genes coding for similar proteins (we refer 
to them as LF-B1 and LF-B1 a). Interestingly the two genes 
are differentially expressed during development. In foetal 
and adult liver only the LF-B1 gene is expressed. In contrast, 
early in development in extra-hepatic tissues, LF-B1 a is the 
major form. Throughout development LF-B1 a is expressed 
in non-hepatic tissues, including adult kidney. The crucial 
difference between LF-B1 and LF-B1 a is in a region of the 
DNA binding domain immediately flanking the homeobox 
domain. It will be interesting to establish the properties and 
function of this alternative protein. 

Regulation of liver-specific gene expression 
by interleukin-6 

During the acute phase of infections or other body injuries 
there is a rapid and dramatic change in the rate of transcrip-
tion of several liver-specific genes. The major signal respon-
sible for triggering this reaction is the cytokine interleukin-6 
(IL-6). We have previously characterized the nuclear events 
immediately following the treatment of hepatoma cell-lines 
with interleukin-6. We have shown that the information nec-
essary and sufficient for the induction by IL-6 resides in 
a cis-acting element present on most acute-phase genes 
and binding to a family of proteins. Treatment with IL-6 
results in the strong induction of the activity of a member of 
this family of DNA-binding proteins: IL6-DBP. We have also 
observed that the mechanism of this induction is entirely 
post-translational because it occurs also in the absence of 
protein synthesis. During 1990 we have cloned the cDNA 
coding for IL6-DBP and have initiated a study aimed at the 
characterization of the structure and function of this protein 
in relation to its role in the acute phase induction. 

IL6-DBP has a leucine zipper domain capable of 
dimerizing with the Cat-binding protein (CBP) 

The analysis of the structure of IL6-DBP has revealed 
interesting features. First, IL6-DBP is a member of the 
leucine zipper-basic domain class of nuclear protein, like 
fos, jun, CBP and others. Furthermore, IL6-DBP can form 
heterodimers, in vitro and in vivo, with CBP. The picture that 
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is emerging leads to a model for the function of IL6-DBP in 
the acute phase induction. In normal conditions, in liver there 
are only CBP homodimers. Upon treatment with IL-6 a novel 
protein, IL6-DBP, is induced, which will form heterodimers 
with CBP. These heterodimers have an increased affinity for 
the acute-phase gene promoters and therefore are directly 
responsible for their induction. The implications of this model 
are being investigated. 

Other trans-acting factors Involved in 
liver-specific gene expression 

We have continued our investigation of another liver-specific 
trans-acting factor, LF-A1, responsible for the activation of 
several liver-specific genes, including those coding for the 
family of apolipoproteins. Despite our efforts we have so 
far failed to clone the corresponding gene. We have also 
continued the work on a putative repressor, LF-B2, whose 
gene has been cloned and sequenced. It contains a two 
zinc-fingers motif, highly homologous to that present in a 
previously characterized cDNA coding for an NF-kB-like 
protein. Work is in progress to establish the significance of 
these observations. 
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Synthesis, assembly, structure and function of U snRNPs 

Group leader: I.W. Mattaj 

Fellows: J. Hamm, C. Kambach*, H. Parry, D. Scherly, K. Simmens, P. Vankan* 

Visitor: W. Boelens* 

Assistants: N. Dathan, D. Kirk*, C. McGuigan* 

RNA-protein interactions in U snRNPs 

Two different methods which allow the analysis of specific 
RNA binding by individual snRNP proteins, produced either 
in E.coli or by in vitro translation, have been developed. 
These methods have been used to characterize the binding 
of the U1A and U2B" proteins to U1 and U2 snRNAs 
respectively. The sequences of these proteins are very 
similar. Within the regions of the two proteins which we have 
defined as being required for specific RNA binding they are 
73% identical. It is therefore not surprising that their RNA 
binding sites, hairpin loop II of U1 and hairpin loop IV of 
U2 respectively, are also very similar. Both proteins appear 
to recognize the unpaired loop bases of their binding sites 
in a sequence-specific way. The structure and sequence 
of the hairpin stem is not crucial for interaction in either 
case. indeed it is possible to convert the fourth hairpin 
of U2 to a U1A binding site or the second hairpin of U1 
to a U2B" binding site by, in either case, mutating the 
RNA substrate at only two nucleotide positions. The protein 
sequences required for specific recognition are currently 
under study. An intriguing difference between RNA binding 
by U1A and U2B" was discovered during this work. While 
U1A in isolation is capable of RNA binding U2B" can only 
bind specifically to RNA in the presence of U2A', a second 
U2 snRNP-specific protein. 

The functions of U snRNP proteins 

The work described above, as well as our previous analyses 
of snRNP assembly, generated considerable information 
concerning the regions of U1 or U2 snRNAs required for the 
binding of U snRNP proteins. We have combined this infor-
mation with a new experimental tool, the ability to destroy 
endogenous Xenopus oocyte snRNAs and then to replace 
them with transcripts from a microinjected DNA template 
encoding a wild-type or mutant U snRNA, to determine 
whether various U1 or U2 snRNP proteins are required 
for the splicing of an adenovirus major late transcript. The 
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results obtained with the U1 snRNP strongly suggest an es-
sential role in the splicing process for the U1 snRNP-specific 
proteins U1 70K, U1A and U1C. On the contrary, and more 
surprisingly, it appears that the two U2-specific proteins 
U2A' and U2B" do not have to be part of U2 snRNP for 
splicing to occur. This suggests that these proteins are not 
essential for intron removal. The fact that the RNA binding 
site for these two proteins (the fourth hairpin loop of U2 RNA, 
see above) has been highly conserved in evolution suggests 
that they nevertheless do have an important function. Cur-
rent work is directed toward exploring different possible roles 
for these proteins. 

Tissue- and stage-specific snRNPs 

For several years evidence has accumulated that in different 
tissues or at different developmental stages U snRNPs 
accumulate which are not identical. The differences pre-
viously reported were rather minor, involving the produc-
tion of RNAs different at one or a few nucleotide posi-
tions or proteins which have minor sequence differences. 
Due to the potential involvement of variant U snRNPs in 
the regulation of RNA processing, which is known to ex-
hibit tissue and stage specifk:ity, we decided to investigate 
the question further. Initial results, obtained by examining 
germ cell snRNPs and comparing them to somatic cell 
snRNPs, demonstrate a rather surprising level of variation. 
The common U snRNPs (U1, U2, U5, U4/U6) show large 
differences in relative abundance in the two cell types with 
e.g. U2 being more abundant than U1 in germ cells and 
the reverse being true in somatic cells. Moreover, germ 
cells contain a U6 snRNP which, although not previously 
described in somatic cells, is likely to be present there 
but at much lower relative abundance. Further work sug-
gests that this U6 snRNP may be abundant in a variety 
of embryonic cell types from different vertebrate species. 
Whether these differences in snRNP composition are rel-
evant for differential RNA processing is a matter of some 
interest. 



U snRNA gene transcription 

In this area the major effort of the year was to overcome 
the lack of an efficient in vitro transcription system for use in 
the biochemical analysis of the Xenopus U6 gene promoter, 
which we had previously characterized genetically. This 
effort was not successful, and the problem has been side-
stepped by adopting the use of the human U6 gene which 
is reasonably well transcribed in extracts of cultured human 
(HeLa) cells. The genetic characterization of the U2 (pol II) 
and U6 (pol III) gene promoters was continued, and the U6 
promoter was compared with a classical pol III promoter, 
that of a tRNA gene. Two of the basal elements of the U6 
promoter, the proximal sequence element (PSE) and the 
TATA-like element, were shown to be functionally related to 
the B and A boxes of the tRNA promoter respectively. We 
continued to accumulate tantalizing evidence that the region 
of transcription initiation is a very important determinant of 
pol III specificity in the U6 promoter. It is to be hoped that 
our transcription studies will receive a decisive impulse from 
the availability of an in vitro transcription system. 
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Regulation of vaccinia virus transcription: a link between replication and transcription 

Group leader: H. Stunnenberg 

Fellows: J. Lou, G. de Martinoff, M. del Mar Vivanco-Ruiz, M. Sasker, J.-C. Vos 

Visitors: G. Bottaro*, G. Haicler*, G. Paonessa*, M. Verbeet* 

Assistants: C. Blance, P. Hirschmann, J. Schmitt 

The temporal order in expression of the three distinct sub-
sets of vaccinia virus encoded genes (early, intermediate 
and late) depends on the sequential expression of different 
and stage specific factors controlling transcription initiation. 
The expression of intermediate genes appears to depend 
on a de novo synthesized RNA polymerase complex as 
well as on additional factors which are synthesized in the 
early phase of infection prior to DNA replication. However, 
intermediate genes remain repressed during this phase of 
infection and can only be de-repressed by DNA-replication. 
The aim of this work is to determine the mechanism by 
which DNA replication controls the activation of intermediate 
genes. For this purpose, in vitro transcription systems were 
established using ce!l-free extracts prepared at different 
stages of the viral infection which retained the specificity 
of transcription as obtained in vivo. 

Fractionation of intermediate specific cell-free extracts 
yielded three biochemically and chromatographically distinct 
fractions which are necessary and sufficient for intermediate 
specific transcription: RNA polymerase, capping enzyme 
and a "B" fraction. Complementation experiments revealed 
that the RNA polymerase activity can be substituted in 
vitro by RNA polymerase purified from virions. The finding 
that capping enzyme is necessary for intermediate specific 
transcription in vitro adds to the complexity of functions of 
this enzyme. It has previously been shown that capping 
enzyme apart from adding a G-cap structure to messenger 
RNA, is essential for termination of vaccinia virus early 
transcripts in vivo as well as in vitro. We are currently 
trying to establish whether capping enzyme is involved in 
the formation of a so-called open transcription complex or 
whether it is necessary in its transition to an elongation type 
complex. Preliminary data using gel mobility shift assays 
indicate that capping enzyme and RNA polymerase can 
form a stable complex in vitro in the presence of a template. 
However, specificity of transcription initiation is not obtained 
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with capping enzyme and RNA polymerase. A stage spe-
cific transcription factor (fraction "B") is needed to confer 
specificity of transcription. The DNA sequence specificity of 
this presumed DNA-binding protein (either on its own or in 
conjunction with RNA polymerase and capping enzyme) re-
mains to be established. A linker scanning mutagenesis was 
undertaken to establish which of the promotor sequences 
are essential for intermediate transcription. The promotor 
appears to consist of two sequence elements located at 

-21 to -12 and +1 to +9, respectively. The 
mutations in either of the two elements abolish the promotor 
activity in vivo and in vitro. Mutations only affecting repres-
sion were not obtained. Furthermore, we could not detect 
a putative highly sequence-specific DNA-binding repressor 
protein, which could, for example through mutually exclusive 
binding with positive transcription factors, prevent activation 
of transcription before DNA replication. 

Functional analysis of eukaryotic 
transcription factors 

Gene expression in eukaryotic cells is controlled by trans-
regulatory factors which modulate the level of transcription 
initiation of a particular gene or gene network. The level of 
transcription initiation is often regulated by a change in the 
level of a particular trans-acting factor in the cell in response 
to physiological signals. A rapid and potentially more ver-
satile alternative is to govern transcription factor activity by 
post-translational modifications. They could potentially oper-
ate by activating or repressing the DNA binding or transcrip-
tional activation functions, by modulating transcription factor 
stability, or by directing a transcription factor to a particular 
subcellular location. Eukaryotic transcription factors can be 
expressed at high levels using "conventional" systems e.g. 
E.coli, yeast, or Baculovirus. However, they are very of-
ten in an inactive state, and furthermore, post-translational 



modifications such as phosphorylation and glycosylation are 
either added with different specificities or do not occur at all. 
Finally, a high level of transcriptionally active factor is often 
lethal for the cell. 

Vaccinia virus provides a good system for the expression 
of eukaryotic transcription factors. Lethal effects due to the 
over-expressed protein are not likely to occur because the 
viral cis-acting regulatory signals involved in transcription 
regulation are completely different from their host counter-
parts and the host transcription and translation is obliterated 
upon viral infection. An important feature of vaccinia virus 
is, also, its ability to infect an extremely wide range of cells 
in culture which ensures that presumed cell-type-specific 
modifications can be obtained. 

Functional dissection of the transcription 
factor NF I 

NF I is a member of a family of closely related proteins (re-
ferred to as CTF/NF I) which is involved in the regulation of 
transcription and in DNA replication of adenovirus. We have 
expressed rat NF I using vaccinia virus and have shown, in 
collaboration with Riccardo Cortese and P. van der Vliet, 
that the recombinant protein enhances the replication of 
adenovirus in vitro. The DNA-binding properties of this 
recombinant protein appear to be indistinguishable from the 
mixture of proteins isolated from HeLa or rat liver nuclei. The 
N-terminal part of recombinant NF I (",240 amino-acids) is 
required and is sufficient for DNA-binding and enhancement 
of adenovirus replication and contains the domain involved 
in protein dimerization. Protein analysis has revealed that 
NF I ("natural" as well as recombinant) is post-translation ally 
modified by phosphorylation and glycosylation. Currently, 
we are in the process of determining the positions of the 
modifications and will then study the effect of mutations on 
the function of this transcription factor. 

Hormone Inducible transcription factors 

Ligand-dependent activation and/or repression of transcrip-
tion initiation is mediated by distinct nuclear receptors and 
depends on the simultaneous interaction of the receptor 
with specific cis-acting sequences, the hormone responsive 
elements (HREs), and components of the transcription ma-
chinery. The receptors consist of several functionally distinct 
domains involved in either the binding of the ligand, protein 
dimerization, DNA interaction, or transcriptional activation 
(repression). DNA binding is mediated by a region present 
in all members of a steroid hormone superfamily which can 
form a tertiary structure coordinated by Zn, the "Zn-finger". 

The DNA-binding domains of the different thyroid hormone 
(a and f3) and retinoic acid receptors (a, f3 and 1) are 
conserved (60-70% at the amino-acid level) and conse-
quently the cis-acting DNA sequences recognized by these 
receptors are closely related or at least partially overlapping. 
Furthermore, heterodimers between thyroid receptors and 
retinoic acid receptors can be found. Nevertheless, the 
specificity of target gene activation needs to be and is 
maintained. It will, therefore, be necessary to analyse the 
DNA-protein and protein-protein interactions and the pre-
cise DNA-sequence requirements with respect to different 
receptors. 

Ligand binding was believed to be a prerequisite for DNA 
binding and was thought to cause an activation or unmask-
ing of the DNA-binding domain. Our collaborative studies 
together with Vennstrom (thyroid hormone receptors, TR), 
SchOtz (glucocorticoid receptor, GR) and Dejean (retinoic 
acid receptor, RAR) have revealed that these receptors 
can bind to their target sequences in vitro and for thyroid 
receptor also in vivo in the absence of the ligand. The onco-
genic variant of the thyroid receptor, the v-erbA oncogene 
of avian erythroblastosis virus, is impaired in ligand but not 
in DNA binding. As a consequence the thyroid hormone 
responsiveness of a thyroid response element (TRE) is 
abolished. These and other observations imply that ligand 
binding causes an allosteric change of the DNA-bound 
receptor presumably unmasking the dimerization or "activa-
tion" surface of the receptor thereby enabling dimerization or 
the interaction with other components of the transcriptional 
apparatus and consequently activating transcription initia-
tion. Glucocorticoid receptor is regulated at an additional 
level: the receptor is complexed in the cytoplasm with the 
heat-shock proteins of 90 kD in the absence of hormone and 
is translocated to the nucleus upon hormone administration. 
The precise nature of this interaction is as yet unknown but 
can potentially be studied by co-expression of hsp 90 and 
GR using vaccinia virus. Our research will be directed to 
investigating these phenomena in great detail. 
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Thyroid-specific gene expression 

Group leader: R. Di Lauro 

Fellows: M. De Felice, H. Francis-Lang, R. Lonigro, M. Price, P. Santisteban* 

Visitors: G. Damante*, S. Guazzi*, S. Ingrassia* 

Assistants: U. Martin*, M. Pischetola*, M. Polycarpou-Schwartz 

Our group has been studying the molecular basis of terminal 
differentiation using as a model system the thyroid-specific 
expression of the thyroglobulin gene. We have previously 
shown that a 170 base-pairs long fragment of the thyroglob-
ulin gene, containing the transcription start site, functions 
as a promotor in the differentiated thyroid cell-line FRTL-5, 
while it is inactive when introduced in non-thyroid cell-lines. 
This thyroid-specific expression correlates with the exclu-
sive presence in thyroid of two nuclear proteins, TIF-1 
and TTF-2, which recognize two different sites within the 
active thyroglobulin promotor. TTF-1 binds at three sites in 
the promotor. Mutations at two of these sites abolish both 
TTF-1 binding and promotor activity, suggesting that TTF-1 
is indeed a transcription factor essential for thyroglobulin 
promotor function. Mutations at the TTF-2 binding site abol-
ish TTF-2 binding but only decrease promotor activity by 
50%, indicating that TTF-2 is a modulator of thyroglobulin 
gene expression. 

Cloning of TTF-1 eDNA 

We have purified TTF-1 from calf thyroid and we have ob-
tained, in collaboration with Rainer Frank, the sequence of a 
13 amino-acids long peptide. The TTF-1 peptide has been 
used to deduce the sequence of a degenerated oligonu-
cleotide which has been used to clone the corresponding 
cDNA from a calf thyroid cDNA library. The insert from 
calf clone has subsequently been used to isolate the cor-
responding rat cDNA clone that has been characterized in 
detail. mRNA made on the cloned cDNA codes for a protein 
that shows the same binding properties as both the TTF-1 
present in FRTL-5 nuclear extracts and the TTF-1 purified 
from calf thyroids. The rat cDNA insert has been completely 
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sequenced. It shows, starting from its 5' end, a long open 
reading frame, coding for a protein of 390 amino-acids, 
followed by 1200 nucleotides of 3' untranslated region. In 
the middle of the deduced protein sequence we noticed 
the presence of an homeodomain that contained all of the 
residues highly conserved in all homeodomains isolated 
up to now but that was highly divergent in the remaining 
residues. Deletion analysis proves that the DNA binding 
activity depends on the presence of an intact homeodomain. 

Expression of the TTF-1 gene 

Using the cloned cDNA as a probe we searched for the 
TTF-1 mRNA in several adult rat tissues by Northern blot 
analysis. The 2.4 kb TTF-1 mRNA was only detected in 
thyroid and, at a lower concentration, in the lung, suggesting 
that the restriction of the TTF-1 binding activity to the thyroid 
tissue is due to transcription,ll regulation. In situ hybridiza-
tion studies on 14 day rat embryos confirmed these results 
and showed, in addition, the presence of a TTF-1 related 
sequence in the brain. The isolation of the TTF-1 gene 
and identification of its promotor should shed some light 
on the regulatory mechanisms responsible for the observed 
tissue-specific transcription. The presence of TTF-1 mRNA 
in extra-thyroid tissues, such as brain and lung, contrasts 
with the absence of thyroglobulin gene expression in these 
tissues and suggests either that some additional, yet uniden-
tified, mechanisms must be responsible for thyroglobulin 
expression in thyroid or that in the other TTF-1 positive 
tissues some negative regulatory elements counteract the 
action of TTF-1. We intend to address these questions by 
studying the nuclear proteins present in lung that are able 
to bind to the thyroglobulin promotor. 



Another thyroid-specific promotor 

We have recently isolated the promotor for thyroid perox-
idase, another gene specifically expressed in the thyroid. 
The qualitative behaviour of the promotor is very similar to 
the thyroglobulin one, it also being expressed exclusively in 
differentiated thyroid cells. Interestingly, four binding sites for 
TTF-1 have also been identified on this promotor, thereby 
extending the role of TTF-1 in the regulation of thyroid-
specific gene expression. The role of the TTF-1 binding 
sites will be determined by site-directed mutagenesis of the 
promotor. 

Structural requirements in the thyroglobulin 
molecule for thyroid hormone biosynthesis 
(In collaboration with Dr. Luis Lamas, 
Departimento de Endocrinologia Experimental, 
Facolta di Medicina Autonoma di Madrid, 
Madrid, Spain) 

We have introduced a segment of thyroglobulin cDNA, 
coding for 250 amino-acids at the carboxyterminus of the 
protein and known to contain one of the two main for 

thyroid hormone biosynthesis, in a prokaryotic expression 
vector. The thyroglobulin fragment, which is synthesized in 
good yield in E.coli fused to the S.aureus protein A, has 
been purified, iodinated in vitro and shown to be able to 
synthesize hormones in vitro. Recent results indicate that 
most of the synthesized hormone is contained in a single 
tryptic peptide. Sequencing of the peptide shows that the 
tyrosine residues selected for hormone formation are the 
same as those mostly used in vivo. 
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Structural and functional analyses of mammalian splicing complexes 

Group leader: A.1. Lamond 

Fellows: S. Barabino, B. Blencowe, G. Lamm*, G. Paolella* 

Visitors: E. Carlemalm, L. Ritchie*, I. Sulston* 

Assistants: U. Ryder, M.J. Sibbald* 

The expression of most mammalian genes requires post-
transcriptional RNA processing to excise intervening se-
quences (introns) from nuclear mRNA precursors (pre-
mRNA). This form of RNA processing is termed "splicing" 
and involves assembly of the pre-mRNA into a complex 
(spliceosome) that is able to carry out the sequence-specific 
cleavage and ligation reactions characteristic of the splicing 
reaction. It is known from previous in vitro studies that the 
spliceosome is a large structure (50-BOS), composed of 
multiple sub-units which assemble with pre-mRNA in an or-
dered pathway. Formation of an active spliceosome is thus 
preceded by the assembly of intermediate, pre-splicing com-
plexes. The major sUb-units of the spliceosome are small 
nuclear ribonuclear protein particles (snRNPs), in particular 
U1, U2, U4/6 and U5 snRNPs. In conjunction with additional 
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 then catalyze precise excision of 
the intron sequences. We are studying the structure and 
function of mammalian spliceosomes with the aim of char-
acterizing the components present in splicing complexes in 
more detail and of understanding the functional roles played 
by these components in the splicing mechanism. In the long 
term we hope that these studies will lead us to a description 
of mechanisms involved in regulating RNA splicing during 
the development and differentiation of mammalian organ-
isms. 

Development of antisense oligonucleotide probes 
made of 2'-OMe RNA 

In collaboration with the group led by Brian Sproat at EMBL 
we have developed an antisense oligonucleotide approach 
with which to study RNA and RNAIprotein complexes. These 
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antisense oligonucleotides are made of 2'-OMe RNA, which 
is a derivative of normal RNA that is rendered highly resis-
tant to nuclease degradation by virtue of ribose methylation. 
Modified RNA oligonucleotides were made using 2'-OMe 
RNA phosphoramidites synthesized in Brian Sproat's labo-
ratory. We have found that RNA sequences hybridized to 
2'-OMe RNA oligonucleotides are not substrates for RNase 
H, with the important corollary that stable hybrids can thus 
be formed in vitro in crude cellular extracts which contain 
high levels of endogenous RNase H activity (such as the 
HeLa nuclear extracts used for in vitro splicing studies). 
We have exploited this property of stable hybrid formation 
to bind 2'-OMe RNA probes to complementary, single-
stranded regions of targeted snRNAs in snRNP particles 
and to intron and exon sequences of pre-mRNAs. 

We have used the specific formation of RNAl2'-OMe RNA 
hybrids to study the function of individual snRNPs in the 
splicing mechanism. For example, studies on the U2 snRNP 
particle (a major subunit of the spliceosome which binds to 
pre-mRNA at an early stage ot spliceosome assembly) have 
revealed two regions of snRNA that can form stable hybrids 
with 2'-OMe RNA probes. Both regions are located at the 
5' end of the U2 snRNA and the binding of oligonucleotides 
at either position blocks splicing in vitro. Splicing inhibition 
results from a failure to complete spliceosome assembly. 
However, independent binding to the separate regions of U2 
snRNP arrests spliceosome assembly at a different stage 
in each case. This indicates separable domains of function 
within the particle. A similar study has revealed multiple 
regions of U4 and U6 snRNAs that can form stable hybrids 
with 2'-OMe RNA probes and has shown that formation of 
such hybrids can both block splicing in vitro and, in certain 
cases, disrupt the association of U4 and U6 snRNAs in the 
U4/U6 snRNP particle. 



Affinity selection of RNP complexes using 
biotinylated oligonucleotides 

The 2' -OMe RNA oligonucleotides can also be coupled to 
biotin residues (through a flexible, alkyl spacer arm) at either 
the 5' or 3' terminus. We have shown that such biotinylated 
oligonucleotides (in conjunction with streptavidin-agarose 
beads) can be used as effective affinity chromatography 
tools for the rapid isolation of RNA or RNP complexes and 
for the specific depletion of targeted RNPs from crude ex-
tracts. This technique exploits the efficiency and specificity 
of hybrid formation between 2' -OMe RNA oligonucleotides 
and complementary RNA sequences and has significant 
potential for application to many other branches of RNA 
biochemistry. Using this method to study splicing we have 
generated efficient affinity probes for U1, U2, U4 and U6 
snRNAs and selective probes for either the intron or exon 
sequences of both globin and adeno pre-mRNAs. The bi-
otinylated oligonucleotides have also been helpful in study-
ing snRNP:pre-mRNA interactions. For example, using a 
"double indirect" affinity selection assay we have obtained 
clear evidence for the presence of U4, U6 and U2 snRNPs 
in a stable complex with excised introns. It is hoped that the 
application of this methodology will in the future allow us to 
establish an in vitro complementation assay with which to 
analyse the functions of individual snRNP particles. 

Electron microscopy of splicing complexes 

In collaboration with Arthur Jones and co-workers we have 
continued work on a project to study the structure of snRNPs 
and splicing complexes by direct visualization in the scan-
ning transmission electron microscope (STEM). 

The STEM is especially well suited to such studies because 
of its high efficiency in dark field mode which facilitates de-
tection of regions of single-stranded RNA The microscopy 
on this project has been mainly done by Eric Carlemalm 
and will be carried on by Mary Jo Sibbald. With the as-
sistance of Michael Beer we have developed a procedure 
for the sequence-specific labelling of pre-mRNAs, using 
biotinylated 2' -OMe RNA oligonucleotides in conjunction 
with streptavidin coated gold particles. The gold particles 
provide an unambiguous label for visualization in the mi-
croscope. As the position of binding of the gold to the 
pre-mRNA is determined by the base sequence of the bi-
otinylated oligonucleotide, it also provides a clear topological 
marker with which to map the position of interaction of 
complexes with pre-mRNA sequences. We aim to use this 
technique to investigate at what stage of the spliceosome 
assembly reaction the separate 5' and 3' splice sites are 

brought together and hopefully also to provide informa-
tion concerning the relative arrangements of sub-units with 
respect to the pre-mRNA. We have succeeded in using 
this approach to label both intron and exon sequences of 
two separate pre-mRNAs with 15-20nM gold particles. In 
addition, both these pre-mRNAs have been visualized in 
complexes that most probably correspond to different stages 
of spliceosome assembly. The identity of these complexes 
as spliceosomes (or pre-spliceosomes) is supported by 
parallel biochemical assays in which streptavidin coated 
agarose beads are used (instead of gold) to affinity se-
lect and characterize oligonucleotide-containing pre-mRNA 
complexes. This shows that the pre-mRNAs are specifically 
bound to snRNPs under these conditions. Future studies 
will concentrate on developing secondary and tertiary labels 
(using gold particles of different sizes) which should allow 
identification of individual snRNP components within the 
spliceosome and the respective locations of intron and exon 
sequences at different stages of spliceosome assembly. In 
this regard it is particularly promising that we have been able 
to identify biochemically that stable oligonucleotide/snRNA 
hybrids can be formed with at least two snRNP particles 
without preventing subsequent binding of the snRNPs to 
pre-mRNA. 
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Ribonucleoproteins in microorganisms 

Group leader: D. Tollervey 
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In search of a bacterial signal recognition particle 

Two components have previously been identified from Ecoli 
which are homologous to components of vertebrate signal 
recognition particle (SRP); 4.5S RNA contains a region of 
high homology to the 100p2 region conserved in SRP7S 
RNAs from eukaryotes to archebacteria, while a 48 kDa 
Ecoli protein (p48) is strikingly homologous to the 54 
kDa SRP protein (SRP54). We have therefore investigated 
whether these structural homologies are due to the exis-
tence of an SRP-like particle in Ecoli. 

We have constructed an expression vector which efficiently 
expresses human SRP7S RNA in Ecoli. Synthesis of the 
SRP7S transcript suppresses the lethality caused by de-
pletion of 4.5S RNA. Experiments in collaboration with 
the groups of Bernhard Dobberstein (EMBL) and Maurille 
Fournier (Univ. Mass.) show that in vitro both the Ecoli 
48 kDa protein and SRP54 bind specifically to 4.5S RNA. 
Surprisingly, the binding of SRP54 to 4.5S RNA is not 
dependent on the binding of SRP19, which is required for 
SRP54 binding to SRP7S. In vivo, comparison of sucrose 
gradient centrifugation under native conditions or following 
protein denaturation shows that the SRP7S transcript is 
associated with Ecoli protein(s). From Iysates of Ecoli 
both 4.5S and SRP7S are immunoprecipitated by anti-p48 
antibodies, showing that indeed these RNAs bind the Ecoli 
p48 protein in vivo. To confirm this result we used biotiny-
lated DNA or 2'O-methyl RNA oligonucleotides coupled to 
streptavidin agarose, to precipitate specifically SRP7S from 
a lysate of Ecoli. Two proteins of 46 and 48 kDa apparent 
molecular weights were reproducibly co-precipitated; the 
later exactly co-migrates with p48. 

The steady state levels of a number of secreted proteins 
were examined on western blots during a time-course of 
4.5S RNA depletion. A striking accumulation of pre-f3-
lactamase occurs co-incident with the decline in 4.5S RNA, 
and at late time points the level of mature f3-lactamase is 
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also substantially reduced. The level of the mature form of 
another secreted protein, maltose binding protein, is also 
greatly reduced in strains lacking 4.5S RNA. These effects 
commence well before any growth defect is observed and 
are suppressed in strains expressing SRP7S RNA. Muta-
tions in secA, a characterized protein which is involved in 
secretion in Ecoli, have somewhat similar effects to those 
of 4.5S RNA depletion. Experiments conducted in the labo-
ratory of Bernhard Dobberstein show that overexpression 
of p48 drastically reduces growth and such strains also 
accumulate pre-f3-lactamase and have a reduced level of 
the maltose binding protein. 

We conclude that Ecoli contains a ribonucleoprotein particle 
in which the RNA and at least one protein component are 
structurally and functionally related to vertebrate SRP, and 
which is required for the production of at least a subset of 
secreted proteins. It seems probable that this particle and 
eukaryotic SRP share a common evolutionary origin. 

Why do yeast pre-ribosomal particles contain 
so many snRNAs? 

We have previously shown that in the budding yeast Sac-
charomyces cerevisiae a surprising number (>9) of small 
nucleolar RNA (snoRNA) species are associated with pre-
ribosomal RNA species in the nucleolus. We wish to de-
termine the function of these snRNAs and their associated 
proteins in the processing of pre-rRNA and ribosome as-
sembly. To this end we are characterizing the structures of 
the snoRNPs and the pre-ribosomal particles within which 
the snoRNPs function. 

Sub-nuclear fractionation followed by sucrose gradient cen-
trifugation and native gel electrophoresis have allowed us 
to identify and separate the free snoRNPs and a series of 
pre-ribosomal particles each containing a distinct pre-rRNA 
species and snoRNPs. Since these particles contain the 



pre-rRNA, snoRNPs and many proteins, we hope that under 
the correct conditions they may be able to process faithfully 
the pre-rRNAs in vitro. Experiments in collaboration the 
groups of Eduard Hurt (EMBL) and Bruno Lapeyre (CNRS, 
Toulouse) reveal that the NOP1 protein is a component of 
many, or all, of the yeast snoRNPs. NOP1 is the analogue of 
the vertebrate nucleolar protein fibrillarin and is essential for 
viability. When expressed in yeast, the cDNA for Xenopus 
fibrillarin complements the lack of NOP1. Under appropriate 
conditions, snoRNPs can be purified from yeast Iysates us-
ing biotinylated oligonucleotides made of 2'O-methyl RNA. 
Initial experiments have confirmed that NOP1 is co-purified 
with the snoRNP; other proteins associated with the RNPs 
are being analysed. In strains depleted of NOP1, the lev-
els of some, but not all snoRNAs fall in parallel with the 
level of NOP1; these species may be dependent on the 
presence of NOP1 in the RNP for their stability. The levels 
of nucleoplasmic snRNAs and other snoRNAs, including 
snR10, is unaltered in NOP1 depleted strains. These strains 
are unable to synthesize new ribosomes, probably due to 
a block in the maturation of rRNA. Northern analysis of 
pre-rRNA suggests that strains lacking NOP1 lack functional 
snR10 RNP, even though the RNA itself is still present. 

Genetic analysis of spliceosomal snRNAs 

We have previously cloned several genes encoding small 
nuclear RNAs from the fission yeast Schizosaccharomyces 
pombe, which are highly homologous in size, primary se-
quence and predicted secondary structure to those of higher 
eukaryotes. To undertake genetic analyses of these snRNAs 
we have developed a system of plasmid exchange for 
S.pombe. This allows us to test the effects of mutations in 
an essential gene using haploid cells and makes use of two 
replicating vectors for S.pombe which we have constructed 
for this purpose. Haploid strains carrying a disrupted chro-
mosomal copy of the gene are kept alive by the presence of 
an intact copy of the gene on one of the vectors. This strain 
is then transformed with the mutation to be tested carried on 
the second vector. If the mutant gene is functional, the first 
plasmid can be lost from the strain; if the mutation blocks 
the function of the gene, the cells are dependent on the 

presence of the intact copy of the gene and cannot loose 
the first plasmid. This technique has been used to test the 
effects of mutations in the gene encoding U4 snRNA from 
S.pombe, which is highly homologous to vertebrate U4. A 
series of deletions altering defined regions of the RNA have 
been constructed by in vitro mutagenesis and tested in vivo. 
As expected, alterations in several regions prevent function 
of the RNA, including the Sm-protein binding site, the large 
loop region of U4 and the stem2, U4-U6 interaction region. 
However, changes in other regions are tolerated including 
changes near the 3' end of the molecule. Perhaps the 
most surprising result is that a large alteration of the stem1, 
U4-U6 interaction domain has no effect, while alterations to 
the neighbouring region of U4, which is highly conserved 
in evolution but does not obviously interact with U6, are 
lethal. 
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Cytoplasmic gene regulation 

Group leader: M.W. Hentze* 

Fellow: H. Johansson* 

Visitors: K. Pantopoulos*, K. de Swaaf* 

Assistant: B. Goossen* 

The goal of this group, which joined the EMBL in May 
1989, is to study and to characterize the mechanisms by 
which eukaryotic cells determine the fate of mRNAs in the 
cytoplasm. Our main interest focuses on the regulation of 
translation and mRNA stability. 

Translational regulation 

We are studying two model systems, the iron-responsive 
element (IRE) which mediates the iron-dependent transla-
tional regulation of ferritin mRNA expression, and a small 
cytoplasmic RNA (scRNA) which was first isolated from 
human placenta and which affects translation initiation of 
most mRNAs in vitro. These systems provide experimental 
access to the intriguing questions about how a cytoplasmic 
mRNA is selected for translation and which cytoplasmic 
factors determine translation initiation. 

The ferritin IRE 

The translation of ferritin mRNA is regulated at the level 
of translation initiation in an iron-dependent fashion. When 
cells are offered excess iron, ferritin mRNA translation pro-
ceeds at high rates, whereas ferritin mRNA translation is 
repressed in iron-starved cells. A single RNA stem-loop 
structure (called "IRE" for "iron-responsive element") which 
is found in the 5' untranslated region of ferritin mRNA serves 
as the cis-acting regulatory element. A 90 kD cytoplasmic 
protein binds specifically to the IRE (and has been termed 
IRE-binding protein or IRE-BP) as the trans-acting factor 
and represses ferritin translation in iron-starved cells. We 
are developing in vivo and in vitro approaches to study the 
mechanism by which the IRE/IRE-BP complex can interfere 
with the mUlti-step process of translation initiation. To this 
end, we have discovered that the position of the IRE with 
regard to the 5' end of the mRNA (the "cap") is critical for 
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its function in vivo. The molecular basis for this observation 
is currently under investigation. 

The placental scRNA 

In contrast to the ferritin mRNA-specific translational regu-
lation by the IRE/IRE-BP system, the scRNA from human 
placenta affects translation initiation more generally. When 
the isolated scRNA is added to cell-free translation systems 
from rabbit reticulocytes or wheat germ, the translation of ex-
ogenously added mRNA decreases by >80%. Interestingly, 
the scRNA is only approximately 35 nucleotides long and 
strongly resembles the ferritin IRE in both RNA sequence 
and potential secondary structure. We have started to inves-
tigate the mechanism by which the scRNA inhibits trans-
lation initiation in vitro attempting to identify the factor(s) 
through which the scRNA acts. In view of the similarities 
between the IRE and the scRNA, we are investigating 
potential similarities between the IRE-BP and the putative 
scRNA binding protein. 

Our long-term objective is t? elucidate the in vivo role of 
the scRNA and the regulation of its expression. To this 
end, we are cloning the gene(s) which encodes the scRNA. 
Once this has been accomplished, the availability of the 
scRNA gene should allow us to study the in vivo role and 
the regulation of the scRNA gene by transfection and cell 
injection studies. 

Determinants of mRNA stability 

It is not uncommon to find discrepancies between the tran-
scription rate and the steady state cytoplasmic mRNA level 
for particular mRNAs. Such discrepancies can be due to al-
tered rates of pre-mRNA processing and nucleo-cytoplasmic 
transport or they may arise from changes in the stability 



of an mRNA in the cytoplasm. We are interested in the 
question of how the steady state mRNA level of a particular 
transcript may be influenced by ongoing translation. 

The AUUUA-motif 

The mRNAs of several regulatory proteins such as cy-
tokines, Iymphokines, and oncogenes are very short lived. 
These messages share repeats of the pentameric sequence 
AUUUA in their 3' untranslated regions, and this AUUUA-
motif has been shown to be both necessary and sufficient 
for the rapid cytoplasmic degradation of these mRNAs. 

In collaboration with G. Shaw (Genetics Institute, Cam-
bridge, MA, USA) we have made indicator constructs which 
confer AUUUA-dependent mRNA instability to CAT mRNA 
and which also contain a ferritin IRE in their 5' untrans-
lated regions. We are taking advantage of the ability of 
the IRE to mediate iron-dependent regulation of the ribo-
somal association of an IRE-containing mRNA. Thus, we 
hope to determine whether AUUUA-mediated degradation 
affects the polysome-associated or the non-polysomal pool 
of cytoplasmic mRNA. These studies are aimed to define 
how translation and cytoplasmic mRNA degradation may be 
coupled. 

Effect of nonsense mutations on cytoplasmic 
mRNA levels 

Nonsense mutations introduce premature translation stop 
codons into the coding regions of mRNAs. When compared 
with the steady state levels of the corresponding Wild-type 
transcripts, the mRNA levels of the mutated transcripts were 
found to be 5-1 O-fold lower in several cases. The molecular 
basis for this observation is unknown, but transcription rates 

(as determined by nuclear run-off experiments) have been 
shown to be normal. Interestingly, nonsense mutations in 
the last coding exon of a gene are not associated with a 
reduction in their steady state mRNA levels. 

Multiple different nonsense mutations in the human {3 globin 
gene have been reported which show the above effects on 
cytoplasmic {3 globin mRNA levels and which cause several 
types of the common genetic syndrome of ,B-thalassemia. 
In collaboration with A. Kulozik (University of Ulm, Federal 
Republic of Germany) we have chosen one of these tha-
lassemic nonsense mutations to perform transfection stud-
ies in order to investigate the molecular mechanism which 
is responsible for these phenomena. We are particularly 
interested to know whether an intron-free pre-mRNA which 
contains a nonsense mutation is still subject to reductions 
in cytoplasmic mRNA levels or whether a functional link-
age may exist between the processes of splicing, nucleo-
cytoplasmic transport, and translation. 
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Physical Instrumentation Programme 

Introduction 

In April of this year the Physical Instrumentation Programme 
was reviewed. As a result of this review, Christian Boulin 
was promoted to Senior Scientist and Max Haider and 
Ernst Stelzer were appointed group leaders. To facilitate 
interaction with the user community, the group leaders in 
Physical Instrumentation now have joint appointments in 
one of the biological Programmes. Approval was also given 
to the proposal to develop a corrected TEM (M. Haider) and 
to the continuation of the existing projects. 

Development continues on detector systems for the 
CryoSTEM and on the corrected low-voltage SEM. To im-
prove the collaborative service offered, it has been decided 
to carry out a major upgrade of the HB5 STEM which is 
now 14 years old and is beginning to suffer from age-related 
maintenance problems. A freeze-dryer has been designed 
and constructed to provide better specimen preparation 
facilities for mass-measurement and mass-mapping. 

The microcomputing and data acquisition group has con-
centrated on the development of hardware and software 
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associated with the new detectors for scanning transmission 
electron microscopy. The two VME/UNIX on-line microcom-
puter systems for the STEMs have been fully integrated 
into the EMBL network to facilitate off-line data processing. 
The software tools previously developed on the Macintosh 
to carry out development of hiochemical workstations have 
been improved. The multiple peptide synthesizer built in col-
laboration with the Biochemical Instrumentation Programme 
has been transferred to an industrial company and will soon 
be commercially available. 

Elisabeth Cistac left the group at the end of September. She 
had completed the software development for the analysis of 
planar bilayers. 

The confocal microscopes have been successfully used in 
a number of investigations. The design and implementation 
of the modular confocal microscope is complete. The new 
design, which records images at a faster rate and is more 
efficient than previous designs, will become the main instru-
ment for the next two years. 



Electron microscope development and STEM applications 

Group leaders: M. Haider*, A.V. Jones 

Scientists: M. Haider*, W. TIchelaar 

Visitors: M. Beer*, B. Bohrmann*, E. Carlemalm, S. Lanio*, T. Wichertjes*, S. Trachtenberg* 

Assistants: J. Khazaie, R. Morrison, G. Schafer 

Electron microscope development 

In April of this year the electron microscope development 
activity was reviewed as part of the Physical Instrumentation 
Programme. As a result of this review, Max Haider was 
appointed to group leader and his proposal to develop a 
corrected TEM was approved. Approval was also given to 
the continuation of the existing projects. 

Low voltage scanning electron microscope 

After inital tests outside the electron microscope, the Mark 1 
multipole corrector was fitted to the Cambridge SEM to test 
its electron-optical properties. This enabled the fine adjust-
ment of the required symmetry of the various multipole-fields 
to be carried out for all 4 multipole elements. This fine 
adjustment is necessary to correct for inhomogeneities and 
residual magnetic fields in the iron circuit, which would 
otherwise prevent the alignment of the complete corrector 
to the accuracy needed to control the electron beam path. 
These tests showed that the corrector can be used for a 
high resolution LVSEM as long as the resolving power of 
the microscope is limited by the aberrations we want to 
correct (spherical and chromatic aberration). Unfortunately, 
the Cambridge microscope did not fulfill these requirements 
and therefore, with the return of Stefan Lanio to our industrial 
partner in Munich, the project was temporarily discontinued. 
After new negotiations with our industrial partners, we have 
been promised a new SEM, which will be diffraction and 
aberration limited. This microscope will be delivered at the 
beginning of 1990. 

STEM 

The development and application of the STEM continues 
to concentrate on those features that are unique to STEM. 

These are the multiple simultaneous imaging capability, the 
high efficiency and linearity in the dark field imaging mode, 
and the ease of on-line computer data acquisition with 
its consequent facility for quantitative electron microscopy. 
Thus, the STEM is particularly suited to the following areas 
of application: 

(a) mass measurement and mass mapping; 
(b) structural and localization studies of thin aperiodic ob-

jects; 
(c) high resolution labelling using small heavy atom clus-

ters; 
(d) electron energy loss spectroscopy and elemental map-

ping; 
(e) development and application of new imaging modes. 

It is our aim to apply the STEM in these areas to biological 
questions to obtain information that cannot be obtained with 
other techniques. 

Multichannel STEM-phase-contrast detector 

The multichannel phase-contrast detector (in collaboration 
with A. Epstein and C. Boulin) has now been installed on top 
of the CryoSTEM column (Plate 29). This mounting contains 
feedthroughs for the parallel read-out of 128 channels and 
allows the detector to be centred mechanically. By means 
of a retractable transparent scintillator screen and a mirror, 
a TV camera can be connected to observe the transmitted 
electron beam or the diffraction pattern (with a restricted 
dynamic range). The pre-amplifiers and discriminators are 
mounted directly onto the detector housing to reduce the 
noise level of the system. Testing of the detector was de-
layed due to the late delivery of these electronic components 
but initial results are in good agreement with the expected 
performance. 
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PLATE 29 

Photograph showing the back of the multichannel detector with its 
ceramic carrier plate, which is needed for mechanical adjustments. 
The carrier plates also facilitates the connections of the detector 

Parane/recording 

The electronic control and data acquisition unit of the CCO-
parallel recording system has been completed (in collab-
oration with P. Leyendecker & C. Boulin). The CCO-data 
acquisition system enables us to record spectra either in 
single or cumulative mode, the latter mode providing a 
considerable increase in the dynamic range. The control 
unit has facilities to preselect all necessary parameters (e.g. 
exposure time, number of accumulations, display parame-
ters etc.). The minimum exposure time is 2.5 ms, including 
read-out of the CCO linear array and the conversion of 
the analog data (1728 channels) to 14 bit digital data. The 
control unit allows the acquisition of images produced by 
electrons in a selected energy-loss range. With an appro-
priate combination of three images in the neighbourhood of 
an element-specific energy-loss peak, a so-called elemental 
map can be obtained, showing the distribution of that ele-
ment. Further development is needed to reach this goal. The 
detection quantum efficiency (OOE) at low count rates has 
to be improved as well as the dynamic range of the CCO. 
The display system for this imaging mode is also under 
development and must be completed before the elemental 
mapping mode can be applied routinely. 
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with the outside world via feedthroughs, which are mounted into 
the housing. 

Upgrade of the HBS STEM 

The original HB5 STEM has now been in service for 14 
years during which time it has been subject to almost 
continuous modification. As a result, it has reached a stage 
where an increasing amount of our technical support must 
be devoted to keeping it operable. Since this microscope 
is still our most-used instrument and is likely to remain so 
in the foreseeable future, it was decided to undertake a 
major upgrade of the microscope electronics loosely based 
on the CryoSTEM· but considerably simplified to facilitate 
routine operation. 'The new electronics is being developed 
as a separate unit to avoid having to shut down the HB5 
during the upgrade. It is hoped that the new electronics will 
be ready for installation early in 1991. 

Freeze-dryer 

The freeze-dryer with the portable air-lock for the in vacuo 
transfer of freeze-dried specimens to the HB5 STEM has 
been completed. Compared to air-drying, freeze-drying pro-
duces improved preservation of unstained, unembedded 
biological objects, and decreased formation of a residual salt 
meniscus around the object. The improvement in structural 



PLATE 30 

The improvement in structural preservation of unstained, unembed-
ded Octopus vulgaris haemocyanin with freeze-drying (a), when 
compared with air-drying (b); the rod-shaped particle is tobacco 

preservation could be well demonstrated with Octopus vul-
garis haemocyanin (Plate 30). Furthermore, the availability 
of a freeze-dryer means that mass-mapping can now be 
carried out (see below). Work is in progress to make the 
freeze-dryer compatible with the CryoSTEM. 

STEM applications 

Mass measurement and mass mapping 

In collaboration with Belinda Bullard, Kevin Leonard and 
Anne Lakey, we measured the mass per unit length of the 
filament of 23 kD zeelin from invertebrate muscle Z-disc: 
1.8±0.3 x 1 03 Df A. A further structural characterization of 
zeelin is awaiting other studies. In collaboration with Ulrich 
Wilmsen and Franc Pattus, the mass per unit area was 
determined of two-dimensional crystals of Escherichia coli 
maltoporin with a foreign epitope of 11 amino-acids in-
serted, which were incubated with Fab against this epitope: 
39.5±3.4 Df A2; the value for the control without Fab was 
30.3±4.6 Df A2. The difference indicates that almost one 
Fab per maltoporin trimer is bound. 

Three mass-mapping projects are in progress. In the first 
project, we are investigating the 300 A fibre of chicken 
erythrocyte chromatin. We wish to determine whether this 
filament has a superbeaded rather than a solenoidal struc-
ture depending on the maintenance of physiological ionic 
strength conditions during the isolation procedure (in col-
laboration with Kevin Leonard, and with H. Zentgraf, DKFZ, 
Heidelberg). In collaboration with T. Wichertjes and E.F.J. 
van Bruggen (Groningen), we are studying the arrangement 

mosaic virus used as internal standard with mass measurement 
and mass mapping (See text for further explanation). Bar=100 nm. 

of the so-called collar domains in the haemocyanins of the 
cephalopodes Octopus vulgaris and Sepia officinalis. In 
the third project, we are investigating if STEM (dark field) 
can be used to generate radial mass profiles of vitrified 
helical objects, that can replace the weakly defined equitorial 
data obtained for these kinds of specimens in TEM bright 
field phase contrast. The object studied is the flagellar 
filament of Salmonella typhimurium (in collaboration with 
Kevin Leonard (EMBL) and S. Trachtenberg, Jerusalem). 

Structural and localization studies of thin 
aperiodic objects 

The work on snRNPs and splicing complexes in collabo-
ration with Angus Lamond and co-workers was continued. 
See their report. 

Application of Z-contrast (h collaboration 
with B. Bohrmann, E. Kellenberger & 
W. Villinger, Basel) 

The Z-contrast technique in STEM offers the possibility of 
determining the local concentration of macromolecules such 
as lipids, proteins or DNA. Contrast formation depends on 
the atomic composition of the particular structure. In the 
case of DNA its phosphorus content discriminates it from 
other biological macromolecules. In our studies sections 
of E.coli, of the dinoflagellate Amphidinium carterae and 
of Euglena gracilis cells were used, which were obtained 
by cryofixation, followed by freeze substitution into aceton 
with 3% glutaraldehyde. The samples were then embedded 
either in Lowicryl HM20 at low temperature or in Epon at 
high temperature. 
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b) 

PLATE 31 

Photograph of a section of unstained E.co/i, embedded in HM20, 
obtained with a) the dark-field, b) the inelastic and c) the Z-contrast 
imaging mode. The thickness variations, which are visible in the DF-
or inelastic-image, are absent in the Z-contrast image. Bar=200 nm. 



The CryoSTEM, in combination with the high-dispersion 
spectrometer, allows sections of resin embedded unstained 
material to be imaged at liquid-helium temperature, which 
reduces the mass loss to a minimum, and allows inelastic 
images with the required quality for Z-contrast to be acquired 
(Plate 31). The Z-contrast method of imaging avoids the 
influence of thickness variations due to surface relief which 
is produced during sectioning. 

The dinoflagellate chromosome, which is claimed to be 
permanently condensed and ordered in a liquid crystalline-
like state, was investigated by calibration either with E.coli 
cells of which the packing density of DNA in the range of 
20-40 mg/ml DNA is known or with T4 phage heads with a 
packing density of 800 mg/ml. RNA cannot be distinguished 
from DNA; its packing density in E.coli was calculated to be 
about 100 mg/ml. 

To estimate the influence of proteins which are associated 
with DNA in the chromatin, we studied pure proteins, e.g. 
protein lumps of gene product gp31 of phage T4 and secA 
protein in overproducing cells; these estimates should allow 
approximate correction factors to be determined. 

In the first determinations, the dinoflagellate chromosome 
was found to have a packing density of 20-50 mg/ml 
which is in the same range as the interphase chromatin of 
hepatocytes, indicating that these chromosomes, although 
permanently visible throughout the cell cycle, are not highly 
condensed as liquid crystals of DNA or the DNA of phage 
heads should be. 

PLATE 32 

Vitrified Escherichia coli RNA polymerase DNA complexes (see 
text for details). Bar=100 nm. 

The structure of Escherichia coli RNA 
polymerase-promotor complexes 
(in collaboration with H. Heuman, 
MOnchen & M.G. van Heel, Berlin) 

We are studying these complexes in the vitrified state in 
TEM bright field phase contrast. The data set recorded last 
year (see Research Reports 1988) showed some ambigu-
ities regarding the visualization of the DNA containing the 
promotor. One explanation for these ambiguities was that 
the 130 bp fragment used was too short to be oriented in 
the plane of the ice layer. We therefore tried an 800 bp 
fragment (4x the promotor containing 130 bp + 280 bp). 
Indeed, this fragment allowed a very clear visualization of 
the DNA in the complexes with RNA polymerase (Plate 32). 
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Microcomputing and data acquisition 

Group leader: C. Boulin 

Scientists: T. Bastian*, E. Cistac*, A. Epstein, P. Leyendecker 

Visitor: B. Velten* 

As in the past, our activities have been closely associated 
mainly with projects in the Biological Structures and Bio-
chemical Instrumentation Programmes. Microcomputing is a 
rapidly evolving field and carefully-designed hardware and 
modular software are essential to exploit fully the effort put 
into developments. The image processing capabilities of 
the Macintosh II have been used to build a simple video 
system for digitizing gels. This equipment together with 
a powerful image processing program developed by W. 
Rasband is now used routinely by the biologists from the 
Gene Expression Programme. We have also acquired and 
installed a CAMAC interface for the Macintosh to simplify the 
maintenance of equipment used for data acquisition. The 
time spent assisting biologists with the use of the various 
programs now available in the laboratory has significantly 
increased during the last months. This proves that micro-
computing really has become a necessary tool for biologists. 

X-ray detector data acquisition systems 

This year, our contribution to synchrotron radiation data 
acquisition systems has been very limited mainly because 
of our involvement with other projects. Nevertheless, the 
VME memory incrementer module described in last year's 
report has been installed at the ESRF in Grenoble and work 
is continuing to finalize the first data acquisition system at 
that site. Thanks to the progress in GAL technology and the 
associated development tools, we have drastically reduced 
the number of components in the XV interface based on the 
commercially available (LeCroy) fast real time digitizer. This 
has also greatly reduced the cost of developed hardware 
and at the same time will simplify maintenance. We hope to 
be able soon to distribute the new version of this system. 

Detectors and data acquisition for electron microscopy 

The charge coupled device (CCD) detector associated with 
the CryoSTEM electron energy loss spectrometer has been 

put into operation. The external control logic and data acqui-
sition system functions according to the initial specifications 
but we still would like to improve the analog section of the 
detector front-end electronics. So far the detector has not 
achieved the resolution (limited sensitivity) needed by the bi-
ologists and work is continuing to optimize its performance. 

The silicon quadrant detector has been tested with "real" 
electrons (in the CryoSTEM) on a limited number of chan-
nels and seems to perform satisfactorily. Our main contribu-
tion to this project was the design, construction and testing 
of the front-end electronics (preamplifiers-discriminators). 
This part of the system has to be absolutely perfect since 
the detector will be used with 100 KeV electrons. At such 
energies the charge produced per electron is small (about 
20,000 electron-hole pairs) and therefore the system has to 
be carefully protected against all external noise sources. 

The application specific integrated circuit (ASIC) developed 
to provide an elegant solution to the problem of large 
numbers of counting channels has been delivered and the 
characterization and testing of these chips is in progress. 

A full configuration of the digital parallel pipelined processor 
(Epstein, 1988) built to reduce the data from the silicon 
quadrant detector has been assembled and run with test 
vectors. The instruction set for the processors and the 
software required to generate programs and download them 
is now fully tested. The hardware and software to commu-
nicate with the VME system is complete. 

Preliminary work has been carried out for the design of a 
linear silicon microstrip detector to complement the CCD-
based detector. 

Further work has been done to optimize image manipulation 
on the VME-Unix microcomputers used to control data ac-
quisition of the two STEMs. The network file system (NFS) 
has been installed and new software has been written to 
speed up image access from local disc and image transfers 
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over the network. A new architecture for the future HBV 
STEM dual frame store system has been developed. The 
new system will include two VMENSB frame-store units 
(from ELTEC-Mainz). These modules will provide images 
of 1280 by 1024 pixels, are fitted with very fast graphics 
processors (QPDM from AM D) and have four megabytes 
of display memory on board. A new acquisition interface is 
being designed to accept two analog channels and transfer 
them via VSB to the frame stores for real time display on 
the STEM console and optionally to the dual ported main 
memory of the system for archiving and processing. This 
solution will avoid any bus access conflict between the data 
acquisition and main CPU and the command and control 
software. A first implementation of the elemental mapping 
program is working on the CryoSTEM microcomputer. Work 
is continuing to provide the users with better and faster al-
gorithms to carry out the extraction of elemental information. 

Software for multiple peptide synthesis 

The software tools developed for laboratory automation 
using the Macintosh have proved to be very efficient. In 
collaboration with Biochemical Instrumentation, we have 
set up a powerful workstation for multiple peptide synthe-
sis. These tools are written in Basic and in HyperTalk. 
HyperCard is an excellent programming environment on 
the Macintosh microcomputers. It allows the programmer 
to express easily the wishes of the users especially as 
concerns the human interface. The HyperCard package 
that generates the robot software has been reorganized to 
improve its user-friendliness. A kind of navigation tool has 
been incorporated to help the user in case of difficulty. New 
features have been added, for example the possibility of 
importing and converting external sequence and peptide 
files. An execution monitor has been integrated into the 
package to control the synthesis step by step. The package 
has been extensively used during the year (see also Rainer 
Frank's report) and some improvements in the execution 
time have been achieved using "script" compiler tools. 
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Software for bilayer data recording and analysis 

The first half of the year has been devoted to a major clean-
up of the existing software and to writing a comprehensible 
user's guide and user training. The present Z80-based 
CP/M system has reached its limits and some work has 
been put into the study of the possible migration to a 
more modern and powerful microcomputer system. The 
Macintosh II family looks as if it is the best candidate due to 
the possibilities (a) of using commercial hardware to replace 
the existing acquisition hardware and (b) of developing a 
powerful graphics interface which is clearly needed when 
dealing with the kind of data produced by planar bilayers. 

Publications during the year 

Boulin, C., BOldt, G., Dauvergne, F., Gabriel, A, Goerigk, 
G. Munk, G.B. & Stuhrmann, H.B. (1989). Anomalous scat-
tering in membrane studies. In Synchrotron Radiation in 
Structure Biology: Eds. Sweet, R.M. & Woodhead, AD.; 
Plenum, New York, pp. 83-92 

Gausepohl, H., Kraft, M., Boulin, C. & Frank, RW. (1989). 
Automated multiple peptide synthesis with BOP activation. 
In Peptides, Chemistry, Structure and Biology: ed. Rivier, 
J.; Escom, Leiden, pp. 1003-1004 

Other references 

Epstein, A (1988). Multiprocessor system with parallel and 
pipelined architecture for a STEM quadrant detector. Rev. 
Sci. Instrum., 59, 11 

The "Image" program is available from the National Techni-
cal Information Service (NTIS). It was developed by Wayne 
Rasband, National Institutes of Health - Bethesda, MD 
20892 



Development of confocal light microscopes 

Group leader: E.HK Stelzer 

Scientist: C. Storz 

Visitors: M.-H. Bre*, C. Cremer, T. Cremer *, A. Draeger*, G. Konig*, A. Kuusisto*, R. MOiler, S. Popp*, A.P. Wunderlich* 

Assistants: P. Hanninen, R. Pick, R. Stricker 

The group concentrates its efforts on the development of 
confocal light microscopes. The confocal beam scanning 
laser microscope set up in 1987 was used for a number of 
applications throughout the year and will be disassembled 
in 1990. The device has been replaced by the modular 
confocal microscope that was set up during 1989. 

Confocal beam scanning laser microscope 

The confocal beam scanning laser microscope (CBSLM) 
was completed in 1988. The device was used by a number 
of scientists: A. Draeger and V. Small (Osterr. Akademie 
d. Wissensch., Salzburg) colocalized the three-dimensional 
distribution of desmin and vimentin in chicken gizzard cells. 
Andreas Merdes and Jan De Mey (EMBL) investigated the 
role of microtubules in the poleward movement of chromo-
somes during early prometaphase. Robert Bacallao (EMBL, 
now UCLA) investigated the development of the microtubule 
network in polarizing Madin-Darby canine kidney (MOCK) 
cells and followed the movement of the Golgi complex in 
three dimensions (see report by Eric Karsenti). Morgane 
Bomsel observed MOCK cells at different time points gen-
erating three-dimensional maps of the apical and basolat-
eral endocytic pathways determining e.g. the locations of 
meeting compartments (see report by Jean Gruenberg). S. 
Popp, T. Cremer and C. Cremer (Ruprecht-Karls-Universitat 
Heidelberg) investigated the distribution of chromosome 18 
in amniotic fluid cells. Other scientists using the CBSLM 
were: Brigitte Buendia, Belinda Bullard, Stephen Fuller, 
David Vaux, Janet Rickard, Thomas Kreis (EMBL), G. Konig 
(MPI TObingen), M. Schachner (Ruprecht-Karls-Universitat 
Heidelberg), T. Kam and B. Geiger (Rehovot). 

Modular confocal microscope 

The main effort of the light microscopy group during the 
past year has been the development of a modular confocal 

microscope (MCM). The basis for developing this instrument 
is the experience with the CBSLM. The heart of the MCM 
is a conventional, inverted research microscope, the Zeiss 
Axiovert. The instrumentation for confocal microscopy is 
attached to the back of the Axiovert. The user can switch 
between the conventional and the confocal mode. The 
instrument has four detection channels of which any two 
may be used in parallel: two fluorescence, one reflection 
and one transmission channel. Up to seven interference 
filters may be used to select a line of a laser that runs 
in multiline mode. The detector offers a choice of three 
dichroic mirrors and four rejection filters per channel. The 
microscope produces 900 lines per second equivalent to two 
images of size 512x512 in 0.6 seconds. All essential parts 
are motordriven and the MCM is programmable in a "C" style 
language. The MCM has very good optical and mechanical 
characteristics that lead to a high detection efficiency and a 
long-term stability of the instrument. The instrument works 
in the diffraction limit as measurements have shown. Since 
fall two investigations using the MCM have been completed: 
A. Wunderlich and E. Sackmann (TU MOnchen) observed 
the distribution of NBD-methylaminoethanol transversal to 
the cuticular plane in clivia miniata, comparing plants that 
were cultivated under normal conditions with those grown in 
an ozone enriched atmosphere. Marie-Helene Bre and Eric 
Karsenti (EMBL) determined in three dimensions the colo-
calization of native tubulin and microinjected paramecium 
tubulin in MOCK cells. 

Software for transputers 

A system consisting of ten transputers has been set up 
and was programmed to do parallel processing on three-
dimensional data sets. The transputer system will replace 
the current data recording device of the MCM during the 
first half of 1990. 
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Video microscopy 

In collaboration with Thomas Kreis (Cell Biology Pro-
gramme) a project developing software to track particles 
in time-series was completed. The data is recorded with a 
Nomarski or a fluorescence video enhanced microscope. 

Imaging properties of confocal microscopes 

In collaboration with C. Cremer (Ruprecht-Karls-Universitat 
Heidelberg) a simplified analytical theory describing the 
imaging properties of confocal fluorescence and confocal 
reflection microscopes was developed. The theory returns 
analytical expressions forthe axial resolution as a function of 
illumination and detection parameters. The results compare 
well with those derived from a Fourier approach. The theory 
was tested with experiments on the CBSLM and the MCM. 
The experiments are currently being discussed and the 
investigation will be completed in spring 1990. 

Publications during the year 

Bacallao, R., Antony, C., Dotti, C., Karsenti, E., Stelzer, 
E.H.K. & Simons, K. (1989). The subcellular organization 
of Madin-Darby canine kidney cells during the formation of 
a polarized epithelium. J. Cell BioI., 6, 2817-2832 

Bacallao, R., Bomsel, M., Stelzer, E.H.K. & De Mey, J. 
(1989). Guiding principles of specimen preservation for con-
focal fluorescence microscopy. In The Handbook of Bio-
logical Confocal Microscopy: ed. Pawley, J.; IMR Press, 
University of Wisconsin, pp. 181-187 

Bacallao, R. & Stelzer, E.HK (1989). Preservation of bi-
ological specimens for observation in a confocal fluores-
cence microscope and operational principles of confocal 
fluorescence microscopy. In Methods in Cell Biology: ed. 
Tartakoff, A.M.; Academic Press, San Diego, 31, pp. 437-
452 
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703--711 
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Th.E.(1989). Reclustering of scattered Golgi elements along 
microtubules. Eur. J. Cell BioI., 48, 250-263 

Merdes, A. (1989). Untersuchungen zum Mechanis-
mus der polwarts gerichteten Chromosomenbewegung in 
frOher Prometaphase. Diplomarbeit, Fakultat fOr Biologie, 
Ruprecht-Karls-Universitat Heidelberg. 
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secretogranin I (chromogranin B) is packaged into secretory 
granules. J. Cell BioI., 109, 17-34 
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optical system in confocal microscopes. In The Handbook of 
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Biochemical Instrumentation Programme 

Introduction 

Activities of the groups in the Programme are focused on the 
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. 
The groups are in close contact with other Programmes as 
well as with the mechanical and electronic workshops. In 
addition to the technology research, service for the scientists 
at EMBL in DNA and peptide synthesis, protein sequencing, 
automated microinjection in cells and sorting with FACS are 
provided. A DNA sequencing service and amplification of 
DNA fragments by polymerase chain reaction (PCR) started 
in January 1989. 

Automated workstations for use in the DNA and protein 
analysis were set-up and used in projects from the biological 
Programmes. The DNA sequence technique developed at 
the EMBL was applied to several projects in in-house and 
outside laboratories. The first larger scale (over 10 kb) se-
quencing project undertaken with an automated system and 
fluorescent labels was completed, namely the determination 
of the 60 kb sequence of the human hypoxanthine phospho-
ribosyltransferase (HPRT) gene locus, in collaboration with 
T. Caskey (Houston) and J.L. Mandel (Strasbourg). 

Modified oligoribonucleotides, more stable than DNA or 
RNA and with high resistance to degradation by most en-

zymes, were synthesized and used in electron microscopy 
for visualisation of spliceosome structure and to study the 
mechanism of pre-mRNA splicing. A procedure for solid 
phase synthesis of oligoribonucleotides was established, the 
monomers are currently being prepared commercially and 
by spring 1990 routine RNA synthesis will be available to 
EMBL. 

The second gas phase protein sequencer built and installed 
in 1988 was applied to many projects and gives full sat-
isfaction. Numerous micropreparative strategies have been 
established for the isolation .:>f proteins and peptides from 
complex biological sources to obtain samples compatible 
with subsequent microsequence analysis. Solid-phase pep-
tide synthesis has proven to be a versatile tool for the 
study of protein-protein interactions and synthetic peptides 
are now extensively used in immunology, cell biology and 
vaccine research. Since systematic investigations at the 
molecular level require large numbers of peptides, two meth-
ods for multiple peptide synthesis were adapted allowing 
simultaneous synthesis of several hundred peptides per 
week. 

Two EMBO courses on "Microinjection and Electrotransfec-
tion of cells" and on "Advanced Methods in DNA Sequenc-
ing" were organized at EMBL during the year. 
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Development of microanalytical techniques 

Group leader: W. Ansorge 

Scientists, engineers: H. Ertle, R. Pepperkok, C. Schwager, G. Smith*, J. Stegemann, H. Voss, J. Zimmermann* 

Students: S. Herr*, K. Stucky* 

Visitors: B. Dworniczak*, A. Civitello*, A. Degeorge*, P. Mombaerts*, E. Friederich*, A. Smith*, P. Just*, M.P. Gaub*, T. Kristensen*, D. 
Wi lliams* , F. Eckstein*, G. De Bellis*, L. Kittler*, G. Volckaert* 

Automated DNA sequencing station with 
fluorescent labels 

The sequence technique, developed in a collaborative effort 
between the groups of Wilhelm Ansorge and Brian Sproat, 
was applied to a large number of projects of groups from 
EMBL and outside laboratories. During the year the whole 
technology range was further optimized for applications in 
routine sequencing. Much effort, in collaboration with the 
mechanical and electronic workshops at the EMBL, was de-
voted to a user friendly design and construction of the EMBL 
automated DNA sequencer. More than 10 of these devices 
were made available to European laboratories active in the 
DNA sequencing field. The rest of the limited number of the 
sequencers constructed at EMBL will be delivered during 
1990. These devices enabled the laboratories to work with 
a technology developed at EMBL and tested in a large scale 
sequencing project (60 kb of the human HPRT gene locus), 
before the commercial version of the DNA sequencer was 
made available by Pharmacia LKB in the second half of 
1989. 

On the technology side, an important improvement in the 
planarity of the glassware was achieved which will allow 
the increase of the number of clones sequenced simulta-
neously. Automated washing of the glassware was installed 
and, besides saving the working time, it will contribute to 
reproducibility of the casted gels and enable us to increase 
their number run per day. To improve the routine work 
we finished a reliable, light-tight design of the sequencer, 
with incorporated safety features and computer controlled 
operation. The facility was presented in the EMBO course on 
"DNA sequencing: Advanced Approaches and Automated 
Methods" which the group organized at the EMBL. 

The software for data acquisition, evaluation and editing 
was considerably improved, changing among others the 
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evaluation of the on-line data from the vertical to the more 
convenient horizontal presentation. Further effort in software 
writing will be needed on improvements in the determina-
tion of the sequence from the raw data by the automated 
reader. One crucial step in this direction on which we have 
worked since about two years, namely a high uniformity 
of the detected peaks corresponding to the four bases, 
was very closely achieved by replacing the magnesium 
by mangan ions in the enzymatic reaction buffers. Under 
these conditions, in a developed one-step reaction protocol 
the T7 DNA polymerase results in very uniform labelling 
of multiple peaks, as well as in overall more uniform and 
sufficiently strong labelling profile over perhaps 700 bases. 
Using the existing automated reader software we resolve 
with this protocol routinely 400-600 bases on good tem-
plates. The one-step process is a significant improvement 
over the standard procedure containing Mg2+, regarding the 
reproducible quality of raw data in routine sequencing. It 
simplifies the sample preparation procedure, integration of 
robotics, and shortens the reaction time to 25 minutes. In 
addition, 7deaza-dGTP is routinely used, eliminating most 
of the usual compressions. 

Sequencing methods using only one fluorescent dye label 
for the four bases of one clone, and sequence determination 
in only one or two lanes on the polyacrylamide gel were 
developed at EMBL. The sequence is determined from the 
magnitUdes of the peak intensities. In the chemical degra-
dation this is achieved by a hot piperidine simultaneous 
cleavage reaction of the four bases in one reaction tube, 
and subsequent loading in one sample slot on the gel. 
For the enzymatic method the one-step mangan technique, 
resulting in very uniform peak intensities, enabled a novel 
approach to the dideoxy sequencing. Using only one fluo-
rescent dye for the four bases of one clone, adjusting the 
proper ratios of the dideoxies nucleotides, the sequence is 
determined in two or even only one lane, according to the 



resulting peak intensities. With very clean templates and 
in the absence of ghost bands, the resolution is over 300 
bases. This will enable us to multiply the capacity of the 
EMBL sequencer, without the inconveniences experienced 
in methods using four different dyes, one for each base in 
a clone. 

Development work on the automated workstation consisting 
of two robotic systems continued by adapting it to the 
needs of the service work. New programs for handling large 
number of samples were implemented. The workstation 
was adapted to the new methods for plasmid purification 
and to the simplified and shortened sequencing reaction 
procedures. 

The impulse, drive and fields for improvements in the 
methodology comes often from the routine sequencing of 
unknown DNA provided to us by the users of the DNA 
sequencing service at EMBL. For example, most of the 
clones submitted were plasmid DNA and not inserts in M13 
vectors as expected, and we were soon confronted with 
the necessity to find a general method for purification and 
preparation of a large variety of plasmids. After such a 
method was found, the next push was towards reducing 
the time necessary to carry out sequencing reactions, in 
particular the neutralization step after the alkaline denat-
uration. The latest general sequencing reaction method 
applicable to M13, plasmids and even to cosmid DNA, is 
about one hour shorter compared with the standard proce-
dure. 

Work on possible approaches for realization of the STS 
(sequence-tagged-sites) mapping of genomes was initiated 
and first tests were carried out. The method for direct 
sequencing of cosmid DNA, developed during the year, 
may be useful in this respect. In the spring of 1990 we will 
organize a workshop at EMBL to discuss the possibility of 
an international collaboration on mapping and sequencing 
the S.pombe genome. 

Polymerase chain reaction (peR) and direct 
sequencing of the amplified products 

The commercial devices for performing the PCR did not 
work sufficiently well for our applications, so we constructed 
at EMBL an automated device for carrying out the PCR, 
based upon a robot with fixed and programmable tempera-
tures and a moving arm. Abrupt temperature changes in only 
a few seconds are achievable on the device, which seems 
to be a criterion for good performance. The device gave 
full satisfaction in service applications for several in-house 
groups as well as outside laboratories. 

An important step for the large scale sequencing strategies, 
as well as for immediate applications in clinical research, 
was the technique developed for direct genomic fluorescent 
on-line sequencing and analysis using in vitro amplification 
of DNA. We described in vitro amplification by PCR of 
genomic DNA and total RNA, as well as recombinant DNA, 
using one fluorescently labelled and one unlabelled primer, 
together with on-line analysis of the products on the EMBL 

fluorescent DNA sequencer. We then directly sequenced 
the fluorescently labelled fragments by solid-phase chemical 
degradation, without subcloning and the necessary purifica-
tion steps. At present up to 350 bases in 4 hours are deter-
mined with this technique. The fluorescent dye and its bond 
to the oligonucleotide are stable during the amplification cy-
cles, and do not interfere with the enzymatic polymerization. 
High sensitivity of the detection in the sequencer, down 
to 10-18 moles corresponding to less than 106 molecules, 
makes possible analyses of the non-radioactive amplified 
fragments after only 10 amplification cycles, starting with 
about 5 x 1 04 copies of recombinant DNA. 

PCR and direct sequencing of the amplified products offer a 
useful approach to characterize molecular defects causing 
human diseases. In collaboration with B. Dworniczak, from 
the University of MOnster, combination of the two tech-
nique resulted in identification of two ,B-thalassemia muta-
tions. Because of heterozygosity, both mutations resulted in 
compound sequence ladders, which have been interpreted 
unambiguously on the EMBL sequencer by the computer 
software. 

DNA sequencing of human hypoxanthine 
phosphoribosyltransferase (HPRT) gene locus 

The complete sequence of about 60 kilobase pairs of the hu-
man HPRT locus has been determined using the automated 
EMBL DNA sequencing technology, in collaboration with 
the team of C.T. Caskey from Baylor College of Medicine 
(Houston). The sequence was analysed with the help of 
Peter Rice from the Biocomputing Programme. It is the 
first large scale (over 10 kb) sequencing project undertaken 
with an automated system and fluorescent labels. The strat-
egy sequentially employed increasingly directed sequenc-
ing methods: First, a randomly generated M13 library was 
sequenced to generate contiguous overlapping sets of se-
quences (contigs). Then, M13 clones at the ends of these 
contigs were further sequenced using universal and reverse 
primers, followed by sequencing with custom ("walking") 
primers to order the contigs and complete the sequencing 
project. The last gap (about 100 bases in length) was closed 
by PCR. This strategy facilitates the sequencing of DNA 
segments of the size found in common cloning vectors such 
as phage lambda and cosmids. Interspersed repetitive DNA 
sequences compose 30% of the human HPRT locus. Even 
the presence of 49 Alu did not pose difficulties in 
compiling the sequence, indicating that the random DNA 
sequencing method is compatible with a high density of 
interspersed repeats. The relatively long length of inserts 
in the M13 sequencing clones (2 kb) partially accounts for 
this observation, since a contig interrupted by a repetitive 
or redundant sequence can be bridged by sequencing from 
both ends of the clone. The knowledge of the sequence 
in combination with the PCR will enable the analysis of 
major genomic rearrangements arising within the human 
HPRT gene. A short tandemly reiterated sequence within 
the gene has also been shown to be highly polymorphic, il-
lustrating the presence of an additional class of polymorphic 
sequences within the human genome. The work is reported 
in Genomics (in press). 
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Multiple segmental DNA synthesizer 

Function and reliability of the novel synthesizer was practi-
cally tested during the custom design of "walking" primers 
used for sequencing and closing gaps of the human HPRT 
gene locus. Routinely 10 primers were simultaneously syn-
thesized on the device and subsequently labelled with fluo-
rescent dye by a simplified labelling procedure. An improved 
version of the synthesizer will be developed by the groups 
of Brian Sproat and Wilhelm Ansorge, together with the 
mechanical and electronics workshops and the design office 
at EMBl. The new development will be carried out with 
the participation of the Amersham (Great Britain) and Bertin 
(France) companies. 

DNA sequencing service 

In the 10 months of the service, after its introduction early 
1989, about 1200 clones were sequenced for groups from all 
biological Programmes at EMBl. On the average we read 
30Q-350 bases per clone for the users. But readings up 
to 650 bases on single-stranded, and up to 570 bases on 
double-stranded DNA were supplied. With M13 phages the 
users bring phage supernatant and the service prepares 
DNA, sequencing reactions, run on the fluorescent auto-
mated EMBL system and sends the sequence via electronic 
mail to the user's file on the VAX computer. The large 
majority of the sequencing projects at present is however 
carried out in plasmid vectors, and a general plasmid pu-
rification procedure which would work in the hands of all 
users had to be developed. Regular discussions with the 
users help to define the next goals and improve the service 
after its introduction. We have already started service in 
amplification of DNA fragments by PCR for EMBL groups. 
In collaboration with Peter Rice and Roy Omond from the 
Biocomputing Programme we will design a PC-based station 
to assist the users in assembling their sequence in an easy 
manner. 

In general, besides performing the sequencing work for the 
groups at EMBL, the sequencing service is also a very 
hard test and challenge for the viability of the techniques 
developed and used, as they are applied to sequencing of 
an unknown DNA supplied by the user. Everyday contact 
and pressure from the sequencing work also serves as a 
source of ideas for continuous improvements in the process 
methodology (e.g. general plasmid purification, faster and 
simplified protocol for sequencing reactions) and hardware. 

Microinjection and electro-transfectlon of cells 

In the first half of the year the commercial version of the 
device from the Zeiss company was added to the auto-
mated microinjection station developed at EMBl. The ser-
vice capacity of the microinjection station has increased to 
help satisfy the growing number of applications, and it is 
now faster to train users in the operation of the friendly 
system. At present we undertake the injection in the initial 
feasibility testing phase of a project and for newcomers; 
certain projects are carried out in collaboration with the 
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research groups. For long-term projects, in many cases 
we train members of the groups in operation and provide 
maintenance of the equipment and assistance in preparation 
and evaluation of the results. Film pattern analysis by im-
age processing and precise measurement of photoemission 
from cells or part of cells by a photon counting system 
were added to the evaluation equipment. An EMBO course 
on "Microinjection and Electro-Transfection of Cells" was 
organized at EMBl. 

Regular users of the systems were the groups of 
Lennart Philipson (investigation of DNA synthesis inhibition), 
Wieland Huttner (protein transport in secretory vesicles), 
Ulrich ROther (gene targeting in embryonic stem cells), Ric-
cardo Cortese (injection of synthetic peptide, investigation of 
inhibition of transcription factors), Angus Lamond (injection 
of oligonucleotides, analysis of splicing inhibition in vivo). 
Microtubule dynamics was studied with the groups of Eric 
Karsenti and Thomas Kreis on Madin-Darby canine kidney 
(MDCK) and on Vero cells by immuno-microphotometry. 

The electro-transfection technique was applied by the 
groups of Lennart Philipson and Uli ROther. With the group 
of Kai Simons a novel electro-transfection technique for 
introduction of macromolecules into filter grown MDCK cells 
(introduction by electroporation of proteins, gold particles, 
plasmid DNA) was developed. 

External collaborative projects were carried out with the 
groups of: S. Tonegawa (MIT, Cambridge) on gene targeting 
in embryonic stem cells, A. Smith (MRC, Cambridge) on 
gene targeting in embryonic stem cells, both by microinjec-
tion and electro-transfection, E. Friederich (Institut Pasteur, 
Paris) on injection of rhodamine labelled actin and DNA, 
double injection experiments, P. Just (University of Heidel-
berg) on electro-transfection of DNA into human primary 
fibroblasts, luciferase assay. 

The commercial version of the EMBL capillary automated 
microinjection system from Zeiss was purchased by about 
35 laboratories in less than one year. 

Separation of biological particles 

After the installation of the fluorescence activated sorter and 
verification of its function, a biochemist joined the group 
to carry out service sorting and to assist the users in 
preparation of experiments and evaluation of results. The 
maintenance of the equipment and technical aspects are 
assured by members of the group and by the general 
maintenance. Experiments were performed for scientists 
from the Cell Biology, Differentiation and Gene Expression 
Programmes. 

Some of the applications involved studies of haematopoietic 
cell transformation (Thomas Graf) , e.g. the leukemia virus 
E26 bone marrow cells. The effect of culture conditions on 
the differentiation pathway of virus infected cells is being 
studied evaluating surface marker expression. Using two 
colour immunofluorescence, distribution of surface markers 
has been analysed and used as a criterion for sorting 



viable enriched populations of cells. Another application was 
the analysis of the yeast cell cycle (group of Ed Hurt), to 
examine the effects of specific mutations in genes coding 
for nuclear envelope proteins involved in cell cycle con-
trol. In particular, the temperature-sensitive mutants and 
the DNA content in dependence on the temperature have 
been studied. In further tests we will investigate optimum 
conditions for high recovery of viable cells after sorting. 
Fluorescently labelled dextran (FITC) may be used as a 
marker in the electroporation of cells. In combination with 
the electro-transfection technique the FACS has been used 
to quantify the FITC dextran in electroporated cells, using 
the fluorescence as a parameter for the sorting of viable 
cells. 

The EMBL apparatus for separation of large DNA fragments, 
with straight electrodes rotating around the gel, was made 
commercially available during 1989 by the Appligene Co., 
Strasbourg. It will be used extensively in the mapping stud-
ies, in particular of the S.pombe genome. 
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Ansorge, W., Voss, H., Wirkner, U., Schwager, C., Stege-
mann, J., Pepperkok, R., Zimmermann, J. & Ertle, H. (1989). 
Automated Sanger DNA sequencing with one label in less 
that four lanes on gel. J. Biochem. and Biophys. Meth., 20, 
47-52 

Deuschle, U., Pepperkok, R., Wang, F., Giordano, T.J., 
McAllister, W.T., Ansorge, W. & Bujard, H. (1989). Regu-
lated expression of foreign genes in mammalian cells under 
the control of coliphage T3 RNA polymerase and lac repres-
sor. Proc. Natl. Acad. Sci. USA, 86, 5400-5404 

Rosa, P., Weiss, U., Pepperkok, R., Ansorge, W., Niehrs, C., 
Stelzer, E.HK & Huttner, W.B. (1989). An antibody against 
secretogranin I (chromogranin B) is packaged into secretory 

granules. J. Cell BioI., 109, 17-34 

Schneider, C., Ansorge, W. & Philipson, L. (1989). Negative 
regulation of cell growth. In Evolutionary Tinkering in Gene 
Expression: eds. Grunberg-Manago, M., Clark, B.F.C. & 
Zachau, H.G.; Plenum Press, New York, pp. 101-110 

Voss, H., Schwager, C., Kristensen, T., Duthie, S, Olsson, 
A., Ertle, H., Stegemann, J., Zimmermann, J. & Ansorge, 
W. (1989). One-step reaction protocol for automated DNA 
sequencing with T7 DNA polymerase results in uniform 
labelling. Meth. in Mol. and Cell. BioI., 4, 2.1 

Voss, H., Schwager, C., Wirkner, U., Sproat, B., Zimmer-
mann, J., Rosenthal, A., Ertle, H., Stegemann, J. & Ansorge, 
W. (1989). Direct genomic fluorescent on-line sequencing 
and analysis using in vitro amplification of DNA. Nucl. Acids 
Res., 17, 2517 

Zimmermann, J., Voss, H., Kristensen, T., Schwager, C., 
Stegemann, J., Ertle, H. & Ansorge, W. (1989). Automated 
preparation and purification of M13 templates for DNA se-
quencing. Meth. in Mol. and Cell. BioI., 1, 29-34 

Patents granted and applied for in 1989 

Device for injection of very small amounts of samples into 
cells. EMBL; USA patent Nr. 4, 836, 244. 

Groups of Ansorge, W. & Sproat, B. Apparatus for sequen-
tial chemical reactions (DNA synthesizer). European appl. 
EP 89 906 098.2 

Process for sequencing nucleic acids (II-enzymatic tech-
nique). U.S.A. pat. appl. based on P 3841 565.8 

Procedure and device for M 13 template purification. EMBL; 
European appl. PCTlEP088/00659. 
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Nucleic acid chemistry 

Group leader: B.S. Sproat 

Scientists: B. Beijer, A. Iribarren 

Fellows: U. Pieles* 

Assistants: P. Neuner, S. Weston, P. Rider* 

Modified oligoribonucleotides 

We have achieved considerable improvements in the prepa-
ration of our building blocks for the synthesis of 2'-0-
methyloligoribonucleotides, in particular for the purine se-
ries. Thus 3' ,5' -0-(tetraisopropyldisiloxane-1,3-diyl)-6-(2,6-
dichlorophenoxy) purine riboside was rapidly methylated in 
excellent yield using stoichiometric amounts of methyl io-
dide and 2-tert.-butylimino-2-diethylamino-1,3-dimethylper-
hydro-1,3,2-diazaphosphorin in acetonitrile. The highly ver-
satile intermediate thus produced was used to generate the 
appropriately protected 2' -O-methylinosine, 2' -O-methyl-
adenosine and N6-methyl-2' -O-methyladenosine building 
blocks in excellent yield. 

Our route to the 2'-0-methylguanosine building block has 
also been substantially refined as two of the steps in 
our previous route proved to be rather irreproducible. In 
particular 2' -0-methyl-3' ,5' -0-(tetraisopropyldisiloxane-1 ,3-
diyl)-2-chloro-6-(2,6-dichlorophenoxy) purine riboside, an-
other highly versatile intermediate, was reacted with sodium 
azide in DMF to give the 2,6-diazido compound in high yield. 
Subsequent reduction with Lindlar catalyst and removal of 
the disiloxane bridge gave 2' -0-methyl-2,6-diaminopurine ri-
boside in excellent yield. Deamination with adenosine deam-
inase gave 2'-0-methylguanosine. The refined procedure 
which is still a 13 step synthesis proceeds in an overall yield 
of about 18%. 

We are currently investigating several other 2'-0-alkyI0Iigo-
ribonucleotides in collaboration with Angus Lamond with a 
view to identifying still better antisense probes. The 2'-0-
methyloligoribonucleotides due to their chemical and enzy-
matic stability are proving to be powerful tools for investigat-
ing pre mRNA splicing and the structure and organization of 
the spliceosome by biochemical methods and by scanning 
transmission electron microscopy. The biological work is 
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being carried out by the group of Angus Lamond with whom 
we have established a long-term collaboration, and electron 
microscopy is being carried out by Eric Carlemalm. 

Preliminary work in applying highly stable RNA analogues 
to prevent viral replication or transcription has been com-
menced, we already have some interesting results using 
microinjection of cells in collaboration with Angus Lamond 
and Rainer Pepperkok. 

We hope very soon to get the preparation of the modified 
building blocks commercialized as we have applied for a 
patent for the new alkylation procedure, there being consid-
erable interest in these compounds from outside the EMBL. 

Oligoribonucleotides 

We have recently established high yield syntheses of base 
protected 5' -0-dimethoxytrityl-2' -0- [1-(2-fluorophenyl)-4-
methoxypiperidin-4-yl]-3'-0-(2-cyanoethyl N,N-diisopropyl-
phosphoramidites), building blocks for the solid phase syn-
thesis of oligoribonucleotides using the so-called Fpmp pro-
tecting group developed by Prof. C.B. Reese. So far good 
assembly of oligoribonucleotides up to 25 bases in length 
has been achieved. More interesting for many applications 
is the solid phase assembly of mixed ribo and 2'-0-methyl 
ribo oligonucleotides which we have just started, for use in 
the affinity purification of RNA binding proteins. 

Crosslinklng reagents 

We have synthesized a novel psoralen containing de-
oxyadenosine building block for the facile solid phase syn-
thesis of psoralen modified oligonucleotides for a sequence 
specific crosslink to a given target sequence. The efficiency 



of the photoreaction of a psoralen modified oligonucleotide 
to a complementary matrix strand reached more than 90% 
within a 20 min irradiation time at a wavelength of 345 
nm. We have defined the sequence requirement for efficient 
crosslinking of the psoralen to -TA*- and -A*T-. The stars 
indicate the cross-linking base. These derivatives are ex-
pected to be particularly useful for preparing affinity columns 
for purifying proteins that bind to double-stranded DNA 
as the complementary strands can be crosslinked to one 
another near their ends, and for the crosslinking of short 
biotinylated 2' -O-methyloligoribonucleotides to pre mRNA or 
snRNPs for electron microscopy. 

Oligonucleotide synthesis service 

The oligonucleotide service has continued to expand dra-
matically; a total of 2200 oligonucleotides were synthesized 
during the year (the figures for 1988 and 1987 were 1400 
and 821 respectively). Of this total 92 were 2' -O-MeRNA or 
other 2'-0-alkyl RNA, 13 were RNA and the rest DNA, some 
of which were labelled with biotin, fluorescein or psoralen. 

Publications during the year 

Barabino, S., Sproat, B.S., Ryder, U., Blencowe, B.J. & 
Lamond, AI. (1989). Mapping U2 snRNP: pre-mRNA inter-
actions using biotinylated oligonucleotides made of 2'-OMe 
RNA. EMBO J., 8, 4171-4178 

Blencowe, B.J., Sproat, B.S., Ryder, U., Barabino, S. & 
Lamond, A.I. (1989). Antisense probing of the human U4/U6 
snRNP with biotinylated 2' -OMe RNA oligonucleotides. Cell, 
59,531-539 

Lamond, AI., Sproat, B.S., Ryder, U. & Hamm, J. (1989). 
Probing the structure and function of U2 snRNP with an-
tisense oligonucleotides made of 2' -OMeRNA Cell, 58, 
383-390 

Pieles, U., Sproat, B.S., Neuner, P. & Cramer, F. (1989). 
Preparation of a novel psoralen containing deoxyadenosine 
building block for the facile solid phase synthesis of psoralen 
modified oligonucleotides for a sequence specific crosslink 
to a given target sequence. Nucl. Acids Res., 17, 8967-
8978 

Sproat, B.S., Lamond, A.I., Beijer, B., Neuner, P. & Ry-
der, U. (1989). Highly efficient chemical synthesis of 2'-0-
methyloligoribonucleotides and tetrabiotinylated derivatives; 
novel probes that are resistant to degradation by RNA or 
DNA specific nucleases. Nucl. Acids Res., 17, 3373-3386 

Voss, H., Schwager, C., Wirkner, U., Sproat, B.S., Zimmer-
mann, J., Rosenthal, A, Ertle, H., Stegemann, J. & Ansorge, 
W. (1989). Direct genomic fluorescent on-line sequencing 
and analysis using in vitro amplification of DNA Nucl. Acids 
Res., 17, 2517-2527 

Patents applied for in 1989 

Sproat, B.S. (1989). Application of 2-tert.-alkylimino-2-
di-C1-4 -alkylamino-1,3-di-C1_3 -alkyl-perhydro-1,3,2-diaza-
phosphorin for O-substitution reactions of ribonucleosides. 
FRG pat. appl. nrs. P 39 06 864.1 and P 39 15 462.9 

Sproat, B.S. & Pieles, U. (1989). New nucleotide derivatives, 
their preparation and their use. FRG pat. appl. nr. P 39 28 
900.1 
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Protein chemistry 

Group leader: R.w. Frank 

Scientists: M. Kraft. H. Gausepohl 

Fellows: J. Wallach 

Assistants: A. Bosserhoff. E. Davey 

The group has evolved to a protein chemical core facility 
making the techniques of protein microsequence analysis 
and peptide synthesis available to scientists with no training 
in these areas. Its basic research on protein chemistry and 
process automation keeps the laboratory up-to-date with 
new techniques and instrumentation. In close collaboration 
with molecular biologists analytic and synthetic technologies 
are being refined and new instruments developed. In collab-
oration with scientific groups at EMBL about 350 sequencer 
runs were performed and 280 peptides were synthesized in 
1989. 

Microsequence analysis of proteins 

The experience of the past few years has shown that owing 
to the different nature of the proteins to be analysed a 
range of micropreparative and analytical techniques must 
be available so that the optimal strategy for the isolation of 
individual proteins can be selected. Therefore much effort 
was spent in overcoming the limits of existing techniques 
which rely mainly on the resolution of polyacrylamide-gel 
electrophoresis and reversed phase HPLC. In Plate 33 
the micropreparative strategies are outlined which have 
been established to isolate proteins from complex biologi-
cal sources and to obtain samples compatible with subse-
quent microsequence analysis. Our miniaturized gas-phase 
sequenator, which is directly integrated into an analytical 
high pressure liquid chromatograph (Plate 34). has shown 
excellent performance in routine use. Examples of some ap-
plications, leading to the identification of the corresponding 
cDNA clones, are: liver-specific transcription factor LF-B1 
(Cortese), thyroid-specific transcription factor TTF-1 (Di-
Lauro), 54 kDa protein and 68 kDa protein of signal recog-
nition particle (SRP) (Dobberstein). signal sequence re-
ceptor (SSR) (Dobberstein/Prehn), chicken myelomonocytic 
growth factor (cMGF) (Leutz/Graf), cell adhesion molecule 
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AMOG (Schachner), neural cell recognition molecule F11 
(Rathjen/Wolff), human secretogranin II (Huttner). yeast nu-
cleolar protein related to mammalian fibrillarin (Hurt), soluble 
guanylate cyclase (Koessling/Schulz) and adenylate cyclase 
(Wallach/Pfeuffer) . 

In collaboration with external scientists (University of Kon-
stanz) several projects are being carried out concerning the 
utilization of plasma desorption time of flight mass spec-
trometry (PD-MS) in protein microsequence analysis. These 
projects concern sample preparation techniques, enzymatic 
and chemical "on target" protein fragmentation and direct 
sequencing experiments. Stimulating results were obtained 
with an antimicrobial polypeptide (Bactenecin 5) which was 
not amenable to complete Edman degradation nor to enzy-
matic fragmentation. By using a special spectra accumula-
tion technique a set of daughter ions was recorded. which 
were produced by A-fragmentation of the parent molecule 
and which allowed the identification of all 62 residues of this 
peptide. This is the first example of a direct sequence as-
signment based on PD-MS data, demonstrating that PD-MS 
may become a valuable alter'lative to Edman degradation 
in the microsequence analysis of peptides. 

Peptide synthesis 

Solid-phase peptide synthesis has proven to be a versatile 
tool to study protein-protein interactions and protein folding. 
As a consequence synthetic peptides are now extensively 
used in immunology. cell biology and structure research. 

Owing to the improved performance of our continuous flow 
instrument the high quality synthesis of small proteins and 
protein domains (up to 100 residues) is now possible. These 
molecules are ideal candidates for structure studies on 
functional domains of complex proteins. This has recently 



PLATE 33 

Micropreparative strategies for protein and peptide isolation 
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PLATE 34 

Miniaturized gas-phase sequenator directly integrated into an ana-
lytical high pressure liquid chromatograph. 
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been demonstrated by the synthesis of peptides containing 
the leucine-zipper and the DNA binding domain of two tran-
scription factors (GCN4 and CREB). The peptides exhibit 
specific DNA binding activity and two-dimensional NMR data 
confirm the hypothesis of a dimer formed by two parallel 
helices. The analysis of hybrid molecules composed of the 
zipper domain of GCN4 and of the basic domain of CREB 
and vice versa showed that the ability to recognize a specific 
DNA sequence is a property of the basic region and can 
be transferred to different dimerization elements by just 
transplanting the basic domain. 

In solid phase peptide synthesis the aggregation of the 
peptide chains is still a key problem. The formation of 
,a-like structures produces a tight peptide network, reduces 
solvation of the peptides and hinders the access of reagents 
to the N-terminal residues thus creating an overall decrease 
in reaction rates, Le. in synthesis efficiency. We have studied 
this problem in detail by utilizing the on-line UV-monitoring 
capability of our continuous flow synthesizer to detect the 
reaction rate of the deprotection of the N-terminal residue. 
The results show a strong dependency of the chain aggre-
gation on the amino-acid sequence of a peptide and on the 
density of peptide loading on the solid support, whereas the 
solvent polarity and the physico-chemical properties of the 
solid support have only a minor influence on the grade of ag-
gregation. Based on these findings the development of new 
solid supports is now under way, which allow for a spatial 
separation of the growing peptide chains while maintaining 
the high loading and the efficiency of the classical polymeric 
supports. 

Instrumentation 

Besides the updating of existing instruments a major on-
going instrumentation project is the development of robot-
based biochemical workstations. Laboratory robots are ca-
pable of producing large numbers of analytical data and/or 
synthetic molecules and therefore make new kinds of sys-
tematic experiments possible. The two prototype robots 
we have developed so far (for DNA sequencing and for 
mUltiple peptide synthesis) are now in routine use and a 
license agreement for their commercial production has been 
concluded. In collaboration with the microcomputer group 
work on software tools is being continued with the attempt 
to provide a flexible environment for method development 
on laboratory robots. 

A further project concerns the automation of protein crystal-
lization protocols. The performance of these protocols by a 
robotic workstation will eliminate operator errors and allow 
for a more precise variation of experimental parameters. By 
using new vapor diffusion plates the automated formation of 
standing drops and sandwiched drops will be possible. 

Publications during the year 

Ashman, K., Matthews, N. & Frank, R.W. (1989). Chemical 
synthesis, expression and product assessment of a gene 

coding for biologically active human tumour necrosis factor 
a. Prot. Eng., 2, 387-391 

Bosserhoff, A., Wallach, W. & Frank, R W. (1989). Mi-
crop reparative separation of peptides derived from sodium 
dodecyl sulphate solubilized proteins. J. Chroma tog. , 473, 
71-77 

BrOmmendorf, T., Wolff, J.M., Frank, R. & Rathien F.G. 
(1989). Neural cell recognition molecule F11 : homology with 
fibronectin Type 1\1 and immunoglobulin type C domains. 
Neuron, 2, 1351-1361 

Frain, M., Swart, G., Monaci, P., Nicosia, A., Stampfli, S., 
Frank, R. & Cortese, R. (1989). The liver-specific transcrip-
tion factor LF-B1 contains a highly diverged homeobox DNA 
binding domain. Cell, 59, 145-157 

Gausepohl, H., Kraft, M., Boulin, Ch. & Frank, RW. (1989). 
Automated multiple peptide synthesis with BOP activation. 
In Pep tides, Chemistry, Structure and Biology: ed. Rivier, 
J.; Escom, Leiden, pp. 1003-1004 

Gausepohl, H., Kraft, M. & Frank, R. W. (1989). Asparagine 
coupling in Fmoc solid phase peptide synthesis. Int. J. 
Peptide and Protein Res., 34,287-294 

Gerdes, H.H., Rosa, P., Phillips, E., Baeuerle, PA, Frank, 
R, Argos, P. & Huttner, W. (1989). The primary struc-
ture of human secretogranin II, a widespread tyrosine-
sulfated secretory granule protein that exhibits low pH- and 
calcium-induced aggregation. J. BioI. Chem., 264, 12009-
12015 

Hinsch, K.D., Tychowiecka, I., Gausepohl, H., Frank, R., 
Rosenthal, W. & Schultz, G. (1989). Tissue distribution of b,-
and b2- subunits of regulatory guanine nucleotide-binding 
proteins. Biochim. Biophys. Acta, 1013, 60-67 

Leutz, A., Damm, K., Sterneck, E., Kowenz, E., Ness, S., 
Frank, R., Gausepohl, H., Pan, V.E., Smart, J., Hayman, 
M. & Graf, T. (1989). Molecular cloning of the chicken 
myelomonocytic growth factor (cMGF) reveals relationship 
to interleukin 6 and granulocyte colony stimulating factor. 
EMBO J., 8, 175-181 

Pagliusi, S., Antonicek, H., Gloor, S., Frank, R., Moos, M. 
& Schachner, M. (1989). Identification of a cDNA clone 
specific for the neural cell adhesion molecule AMOG. J. 
Neurosci. Res., 22, 113-119 

Romisch, K., Webb, J., Herz, J., Prehn, S., Frank, R., 
Vingron, M. & Dobberstein, B. (1989). Homology of 54k 
protein of signal-recognition particle, docking protein and 
two E.coli proteins with putative DNA binding domains. 
Nature, 340, 487-482 

Schimmang, T., Tollervey, D., Kern, H., Frank, R. & Hurt, 
E.C. (1989). A yeast nucleolar protein related to mammalian 
fibrillarin is associated with small nucleolar RNA and is 
essential for viability. EMBO J., 8,4015-4024 
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Biocomputing Programme 

Introduction 

The Biocomputing Programme at EMBL performs research 
in theoretical and computational biology; provides the gen-
eral computing facilities (hardware, network and software) 
in the laboratory; collects, annotates and distributes genetic 
sequence and other data (EMBL Data Library) in collab-
oration with groups in Europe, the USA and Japan, and 
coordinates EMBnet, a computer network infrastructure for 
the molecular biology community in Europe. 

Several groups are focusing on the analysis, prediction and 
redesign of protein sequences and structures. Database 
search methods are gaining increasing importance. The last 
year has seen a further increase in collaboration between 
groups in Biocomputing and groups in the Biological Struc-
tures, Cell Biology, Gene Expression and Differentiation Pro-
grammes. These collaborations involve sequence analysis, 
planning of mutation and redesign experiments, prediction of 
structure and function as well as three-dimensional structure 
determination. 

The nucleotide sequence data collection has increased to 
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over 34 million nucleotides and the protein sequence collec-
tion to over 12,000 proteins. Sequence and structure data 
is being made available to an international user community 
over electronic mail and over EMBnet as soon as it becomes 
available. 

Molecular biology software packages and databases are 
being used by an increasing number of scientists in the labo-
ratory. The computer facility has gained in quality and power 
by the addition of a VAX dual-processor midi, a number of 
workstations and integration into a laboratory-wide network, 
with the VAXNMS cluster at the center and SUN/UNIX and 
Apple Macintosh networks closely linked. Use of world-wide 
electronic networks has continued to increase significantly in 
1989. Well-tested software developed in the Biocomputing 
Programme is being distributed to academic users free of 
charge, and public domain software is now available on the 
NETSERV@EMBL fileserver. 

The following reports by each group describe projects in 
detail. 



Protein design 

Group leader: C. Sander 

Fellows: P. Stouten, A. Valencia 

Visitors: S. Emery*, C. Frommel*, U. Hobohm*, L. Holm*, M. Kanehisa*, J. Milner-White*, C. Ouzounis*, K. Robson*, M. Sagermann*, M. 
Scharf, R. Schneider, P. Stern*, G. Tuparev*, G. Vriend* 

Assistant: B. Altenberg 

Design, expression and structure determination 
of natural and mutated Rop proteins (with S. Emery, 
H. Blocker, D. Kavounis, D. Tsernoglou, M. Sagermann, 
U. Lang, W. Eberle, P. Rosch & A. Pastore) 

The role of loop and core residues in protein folding and the 
engineering of useful functions are two key issues in protein 
engineering. Addressing these issues, we have used Rop 
(repressor of primer) protein, a 2*63 AA (AA=amino-acid) 
dimer forming a bundle of four a-helices, as a vehicle for 
protein design. The protein was originally cloned and its 
structure solved at EMBL by the group of Cesareni and by 
Banner, Kokkinidis and Tsernoglou. 

Designed variants include (a) a 6 AA and a 4 AA mutant 
designed to bind copper and 1-3 AA mutants to explore 
the structural variations introduced by the 2*His, Cys, and 
Met ligands (DCRop series); (b) a fusion protein with an 
antigenically and structurally characterized 7-residue pep-
tide from a pancreatic secretory trypsin inhibitor (AgRop); 
(c) a variant with rearranged loops (LmRop). Results: all 
of these proteins have been overexpressed in E.coli and 
appear to fold as a-helical bundles. The 6 AA copper binding 
construction leads to reduced yield of purified protein, so 
that metal binding could not be proven nor ruled out so far. 
Crystals of L26M, AgRop and LmRop appear suitable for 
x-ray crystallography and one structure, AgRop, has been 
solved. In addition, the structure of wild-type dimeric Rop 
was solved by two-dimensional NMR spectroscopy, dis-
tance geometry and restrained molecular dynamics (Plate 
35). Finally, the NMR spectrum of LmRop shows preserved 
(relative to wild-type) cross peaks indicative of correct fold-
ing of the helical core. 

The x-ray structure of AgRop provides a beautiful exam-
ple of the adaptation of peptide conformation to structural 
context: the heptapeptide adopts a distinctly different con-
formation when taken out of the PSTI4 structure and in-
serted as a C-terminal extension of Rop (structures solved 
by D. Kavounis and D. Tsernoglou and by H.J. Hecht, 
respectively). This successful covalent co-crystallization of 
a peptide spliced into the Rop structure opens the way to 
a possibly general method for obtaining crystal structures 
of biologically important peptides or protein fragments in a 
well-defined admissible conformation, with possible impact 
on the study of peptide-receptor interactions. 

The experimental proof of successful design of LmRop 
supports the hypothesis that loop regions have a minor role 
in folding of the a-helical bundle. The correct association of 
the four a-helices appears to be dominated by the specific 
packing between helices in the hydrophobic interior. 

The complete assignment of NMR chemical shifts and 
NOEs in wild-type Rop (Plate 35) will be the basis for 
efficient testing of structural changes by difference NMR 
spectroscopy. Several, more radical, redesigns of this pro-
tein are in progress. 

Database algorithm to generate protein backbone 
and side-chain coordinates from a C(a) trace 
(with L. Holm) 

The algorithm provides an efficient and surprisingly accurate 
way of building a protein model from only an outline of 
the chain trace. Monte Carlo optimization is used to place 
side-chains, with good stereochemistry of packing in the 
protein interior. 
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PLATE 35 

NMR contact map of wild-type Rop dimer. 

Residue-residue contact maps of dimeric wild-type Rop (WtRop) de-
rived from two-dimensional NMR NOESY spectra. Contacts within 
each monomer (filled symbols) indicate two helical regions (points 
near the upper-Ieftllower-right diagonal) which form an antiparallel 

pair (points along the lower-Ieftlupper-right diagonal). Contacts be-
tween the monomers (open symbols) prove the antiparallel associa-
tion of the two helix pairs into a four-helix bundle, consistent with the 
crystal structure. Circles: at least one backbone NH is involved in 
each residue; triangles: side-chain protons only. Based on analysis 
of NOESY, CLEAN TOCSY and OaF-COSY spectra at pH 2.3. 
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PLATE 36 

Superposed traces of original and reconstructed structure. 

Successful reconstruction of the backbone coordinates of the first 
45 residues of the protein wheat germ agglutinin (3WGA) from 
incomplete information. Given a C(a) trace, database fragments 

The problem of constructing all-atom model coordinates of a 
protein from an outline of the polypeptide chain is encoun-
tered in protein structure determination by crystallography 
or NMR and in protein engineering and design. Database 
methods which assemble a model from fragments in the 
database of protein three-dimensional structures elegantly 
exploit the evolutionary relationship between proteins. We 
have developed a general algorithm which, given the C(a) 
trace of a protein, scans the database for backbone frag-
ments that locally fit the chain trace according to distance 
criteria. A best path algorithm then sifts through the can-
didate segments and selects an optimal path with minimal 
mismatch at fragment ends. Calibration using fully known 
protein structures shows that backbones (C(a), C, N, 0) can 
be reconstructed with a reliability of 0.4-0.6 A rms position 
deviation and 0-5% peptide flips (example in Plate 36). This 
accuracy is sufficient to identify possible errors in protein 
coordinate sets whenever local structure is grossly incom-
patible with backbone structures of high-resolution proteins. 
A simple Monte Carlo procedure with simulated annealing 
for adding model side-chain coordinates, using frequently 
occurring rotamers, leads to an average 1.9 A rms deviation 
of all atoms compared to the x-ray structure (best possible 
on average 1.1 A). If buried residues only are considered, 
the rms value is 1.6 A. The coordinates generated are of 
sufficient quality to be used for automatic extraction of 
secondary structure features based on backbone hydrogen 
bonding patterns (36 new proteins were added to the DSSP 
database) and may be used in theoretical or experimental 
model building to generate an approximate all-atom model 
whenever a rough outline of the C(a) trace is known. 

are found that best fit the trace and the fragments are used to 
construct backbone coordinates. The reconstructed structure (solid 
line) differs from the original structure (dashed line) by only 0.42 A 
(rms deviation of backbone atomic positions). Side-chains can be 
built using a related approach (not shown). 

Database of homology-derived protein structures 
and the structural meaning of sequence 
alignment (with R. Schneider) 

The database of known protein three-dimensional structures 
can be significantly increased by the use of sequence 
homology, based on the following observations. (1) The 
database of known sequences, currently at more than 
12000 proteins, is two orders of magnitude larger than the 
database of known structures. (2) The currently most power-
ful method of predicting protein structures is model building 
by homology. (3) Structural homology can be inferred from 
the level of sequence similarity. (4) The threshold of se-
quence similarity sufficient for structural homology depends 
strongly on the length of the alignment. 

We have now quantified the relation between sequence 
similarity, structure similarity and alignment length by an 
exhaustive survey of alignments between proteins of known 
structure and reported a homology threshold curve as a 
function of alignment length (Plate 37). We then produced a 
database of homology-derived structures of proteins (HSSP) 
by aligning to each protein of known structure all sequences 
deemed homologous on the basis of the threshold curve. 
For each known protein structure, the derived database 
contains the aligned sequences, secondary structure, se-
quence variability and sequence profile. Tertiary structures 
of the aligned sequences are implied, but not modelled 
explicitly. The database effectively increases the number of 
known protein structures by a factor of five to more than 
1800. 
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PLATE 37 

Homology threshold. 

Homology threshold for structurally reliable alignments as a function 
of alignment length. Each data point represents an alignment be-
tween two fragments from proteins of known structure. The graph 
is a two-dimensional projection onto the plane of sequence simi-
larity/alignment length, with structural similarity collapsed to a one 
bit yes/no description (crosses/squares). The homology threshold 
(curved line) divides the graph into a region of safe structural homol-

ogy (upper right) where essentially all fragment pairs are observed 
to have good structural similarity (crosses, secondary structure 
identity above 70%) and a region of homology unknown or unlikely 
where some fragment pairs are structurally similar (crosses) and 
some are not (squares, secondary structure identity below 70%). 
The curve is used in producing a database of homology-derived 
structures of proteins (HSSP), by aligning to each protein of known 
structure all sequences deemed homologous on the basis of the 
threshold curve. 
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The results and the database of structural protein fami-
lies may be useful in assessing the structural significance 
of matches in sequence database searches, in deriving 
preferences and patterns for structure prediction, in elu-
cidating the structural role of conserved residues and in 
three-dimensional protein modelling by homology. 

New three-dimensional model of the shaft of 
the adenovirus fibre: an Intertwined .a-sheet 
trimer (with P. Stouten, R. Ruigrok & S. Cusack) 

The fibre polypeptide of four human adenoviruses (2, 3, 5 
and 40) has been the subject of many investigations. Green 
et al. proposed a dimeric model of the fibre, consisting of 
an N-terminal part attached to the virus capsid, a shaft of 
roughly 360 residues, and a more or less globular knob. 
There is now convincing evidence that the fibre is actually a 
trimer. We have aimed at building a trimer model consistent 
with fibre x-ray and other data. 
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We have used a model building approach, consisting of four 
phases: (1) start with an ideal poly-alanine cylinder and 
establish the desired main-chain hydrogen bond pattern; 
(2) use energy minimization and molecular dynamics tech-
niques to improve the model, while imposing the hydrogen 
bond restraints; (3) add side-chains and find a reasonable 
packing of side-chains in the interior; (4) repeat step 2, but 
now for the complete model. 

Our model (Plate 38) is inspired by Watson and Crick, 
tongue in cheek, and consists of the three chains 
in parallel .a-sheet association in a left-handed he-
lical arrangement. The main features of this model 
are: (1) main-chain hydrogen-bonding occurs between 
strands of different monomers (inter-strand), (2) most 
hydrophobic side-chains are buried in the interior and 
(3) the shaft has the proper length. Full comparison 
of the model with all available experimental data is in 
progress. 
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PLATE 38 

One of the investigated models for the shaft of the adenovirus 
fibre. 

The fibre's shaft is roughly cylindrical. shown here schematically as 
unrolled (the left and right vertical axis coincide). A, B. C (encircled) 
are the three separate monomeric units. with one letter amino-acid 
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Sequence analysis of all known protein products 
of a viral genome (with B. Altenberg) 

The 90 or so protein products of the Epstein Barr virus, 
currently the largest complete genome in the EMBL DNA 
database, provide an excellent testing ground for the kind 
of sequence analysis necessary for larger genomes. from 
E.co/i to mouse and human. We have used a combina-
tion of database. prediction and analysis methods in an 
attempt to characterize the structure and function of all 
EBV protein products. The experience points the way to a 
protein sequence expert system which we plan to assemble 
out of existing and new methods in preparation for the 
arrival of the E.coli and other genomes in the sequence 
database. 

codes (A.A.P.L. .... ) and residue numbers (117. 118 ... ). Strand 
residues are boxed. loop residues circled. The first and last strand 
residues are hydrophobic and buried inside the shaft (e.g. 120/122. 
127/129. 135/137). The arrows represent one of several possible 
main-chain hydrogen bond schemes consistent with the sequence 
repeat. 
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Quality control of protein models: directional 
analysis by atom type (witt. G. Vriend) 

A 
133 

The corpus of solved three-dimensional protein structures is 
an excellent database for the construction and evaluation of 
protein models. Starting from the hypothesis that atom-atom 
interactions are the primary determinant for protein folding. 
we derive from the database three-dimensional probability 
distributions for contact events. These are quantified here 
as the frequency of occurrence of 57 atom types near each 
of 80 amino-acid fragment types. Any protein not in the 
database can then be tested by calculating a contact quality 
index. which is a measure for the agreement between the 
distribution of atoms around each residue fragment in the 
model and in the database. 
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We have applied this empirical test of protein models to a 
series of successively refined crystal structures; to a com-
parison of misfolded and properly folded proteins; to protein 
models reconstructed from Q carbon coordinates only; and 
to the prediction of mutants that alter the thermostability of 
neutral proteases. 

In all cases the model known or expected to be better (e.g. 
lower crystallographic R-factor) has a better (higher) contact 
quality value. We conclude that contact analysis can be 
used constructively in the quality control/evaluation stage 
of protein engineering, in iterative cycles of protein design, 
and even during the course of crystallographic structure 
refinement. 

Other collaborative projects 

EMBNet: Network for Molecular Biology in Europe - with the 
Computer and Data Library Groups. 

Database of protein secondary structures: distribution world-
wide of more than 90 sets of software - with Wolfgang 
Kabsch. 

Sequence analysis of the N,G, and M domains of the 54 kD 
subunit of the signal recognition particle and related proteins 
- with Dobberstein group and Martin Vingron. 

Structural and functional characterization of the G-domains 
of rab (ras-like) proteins - with Marino Zerial, Kai Simons 
and Martin Vingron 

Comparison of the three-dimensional structures of the G-
domains of p21 ras oncogene protein and elongation factor 
TU - with Alfonso Valencia and the Biophysics Department 
of the Max Planck Institute for Medical Research. 

The effect of point mutations on yeast RAS structure and 
function - with Ottavio Fasano. 

Software tools for interactive contact analysis of protein 
structures - with Michael Scharf and Gerrit Vriend 

Design of a loosely coupled system of parallel processes 
communicating via standardized messages for a modern 
workstation environment - group members with Dominic 
Fedronic 
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An effective protein-solvent interaction for use in energy 
minimization and molecular dynamics - with Cornelius 
Frommel, Peter Stern and Pieter Stouten 

Analysis of gamma turns in proteins - with James Milner-
White 

Three-dimensional alignment of protein structures by a dy-
namic algorithm - with Georg Tuparev 

Extraction of sequence patterns characteristic of protein 
structural classes - with Minoru Kanehisa, Christos Ouzou-
nis and Reinhard Schneider 

Publications during the year 

Sander, C. & Godzik, A. (1989). Residue contact conserva-
tion in a family of Ca-binding proteins Prot. Eng., 2, 589-596 

Sander, C., Pal me, K., Diefenthal, T., Vingron, M. & Schell, 
J. (1989). Identification of guanine-nucleotide binding pro-
teins in plants: structural and evolutionary analysis of 
the ras-related YPT gene family from Zea Mays. In The 
Guanine-Nucleotide Binding Proteins Common Structural 
and Functional Properties: eds. Bosel, L., Kraal, B., Parmeg-
giani, A.; Plenum, New York, pp. 273-284 

Sander, C., Baumann, G. & Frommel, C. (1989). Polarity as 
a criterion in protein design. Prot. Engineering, 2, 329-334 

Sander, C. & Frommel, C. (1989). Thermitase, a ther-
mostable subtilisin: Comparison of predicted and experi-
mental structures and the molecular cause of thermosta-
bility. Proteins,S, 22-37 

Sander, C. & Bussian, B. (1989). How to determine protein 
secondary structure in solution by Raman spectroscopy: 
Practical guide and test case DNAse I. Biochemistry, 28, 
4271-4277 

R. Voorintholt, M.T. Kosters, G. Vegter, G. Vriend & W.G.J. 
Hoi (1989). A very fast program for visualizing protein sur-
faces, channels and cavities. J. Mol. Graphics, 7, 243-245 

Other reference 

Green, N.M., Wrigley, N.G., Russell, W.C., Martin, S.R. & 
McLachlan, A.D. (1983). EMBO J., 2,1357-1365 



computer group 

Group leader: R. Omond 

Scientists & Assistants: D. Fooronic, P. Rice, E. Schechinger, W. Winkler 

Visitors: J. Aamand*, S. Hatzistefanis* 

The computer group is responsible for the maintenance 
and the smooth running of the main computing facilities at 
the EMBL. These facilities can be viewed as three sepa-
rate "domains" namely the VAXcluster, the Unix workstation 
environment, and the Apple Macintosh personal cOmputer 
network. 

Major developments of the main VAXNMS facility 

Despite the addition of several VAXstation 3100 worksta-
tions during the year, demand for computing capacity on 
the main VAXcluster at the EMBL increased to such an 
extent that large batch jobs required an excessive amount 
of time to complete. Indeed it often reached the stage where 
jobs would have to wait for several days before they began 
to execute. Several scientists' work was severely hindered 
by this situation. It was, therefore, decided to upgrade the 
VAXcluster with the purchase of the newly-announced VAX 
6000-420, a dual processor machine, with 64 Mbytes of 
memory. This is the first VAX processor to be provided 
with support for vector processing, a method of computation 
which is suitable for several applications within EMBL, espe-
cially in the areas of crystallography, image processing and 
molecular dynamics. Two of these vector processors have 
been ordered and are due to be delivered in the first half of 
1990. This should cover the computationally intensive needs 
for at least the whole of 1990. The installation of the VAX 
6000-420 was accomplished within 2 days and required the 
VAXcluster to be unavailable for no more than a few hours 
to install a new version of the VMS operating system with 
support for the new machine. This further exemplified the 
attractiveness of the VAXcluster concept. 

The configuration of the VAXcluster now comprises the VAX 
6000-420, a VAX 8650, an 8-year old VAX 111785 (which 
will be retired in 1990), a VAXserver 3500, four VAXstation 
3200's, seven VAXstation 3100's, eight VAXstation 2000's 
and a microVAX-11. The entire cluster is homogeneous in the 
sense that the user need not be aware to which particular 
cluster member he or she is attached. This is supporting 
a user community which now numbers more than 520 

registered users, of whom some 100 to 150 are actively 
using the cluster on a typical day. 

Major developments of the Unix workstation 
environment 

The Unix operating system is clearly going to become very 
prevalent in the research community. There is already much 
software for molecular biology which has been developed 
on Unix workstations both at the EMBL and elsewhere. We 
extended this environment with the purchase of a small 
Silicon Graphics Personal Iris and a DECstation 3100. The 
Iris, in particular, promises to be a very interesting research 
tool, since it has 24-bit depth colour and good graphics 
performance. It is planned to add a stereo capability to 
this machine in 1990, which will allow scientists to use 
the many software packages with three-dimensional support 
developed for the Iris series. 

We now support the following configuration in the Unix 
environment: a Sun 4/260, a Sun 3/260, a Sun 3/110, two 
Sun 3/60's, a Silicon Graphics Personal Iris, a DECstation 
3100 and a Sun SPARCstation I (bought on an external 
grant). All systems are running on the NFS (Network File 
System), which allows users on one machine to use disks 
which might be attached to any other machine. Several 
users are now using these facilities even for computation-
ally very intensive jobs, which will further relieve the main 
VAXcluster. 

The Apple Macintosh personal computer environment 

The Apple Macintosh continued to be well received and it 
is estimated that almost all scientific members of staff use 
these personal computers on a regular basis, for example, 
for the preparation of manuscripts and posters. As before, 
all Macintosh computers are networked together allowing 
access to all LaserWriters from any Macintosh, in addition 
to offering access to the central file server running on the 
VAXcluster. 
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Local connectivity 

There is a clear trend in computing environments towards 
more distributed computing where different parts of jobs 
might be executed on different machines within a network. 
To this end it is becoming ever more important that all 
computers within that network be able to communicate with 
each other, regardless of whether they are from the same 
manufacturer or not. We are constantly striving to increase 
the connectivity between the various facilities at the EMBL. 
The integration of the Macintosh personal computers into 
the VAXcluster environment has been described in last 
year's report. This year we installed the software product 
VMS-Ultrix Connection on the VAXcluster. This is an imple-
mentation of Sun Microsystems' NFS (Network File System) 
for VMS and allows us to make the entire disk storage on the 
VAXcluster available to the Unix workstations. The user on 
such a workstation then sees these files as if they were on 
the local machine. Copying files between the two systems 
is then trivial. This is an important point since it removes 
one of the main barriers to users' acceptance of the Unix 
workstations Le. the necessity to keep as many different 
copies of files as different machines being used. 

Our intention for 1990 is to further this connectivity to allow 
submission of jobs between the two environments with the 
results coming back to the user on the original machine. 
Over and above that the X-windows protocol is rapidly 
gaining acceptance as a standard and this will enable users 
on a workstation to use any machine supporting the protocol 
for computation with the results being displayed on the 
workstation screen. We see the X-windows standard as 
being very important to the EMBL in 1990. 

Computer network connections 

As indicated in last year's report, it is impossible to think 
of the EMBL without the network connection to EARN (the 
European Academic Research Network). There are now 
more than 3,100 nodes on EARN and Bitnet (the counterpart 
outside of Europe) and many of these systems act as gate-
ways to other networks. Software installed on the VAXcluster 
allows transparent access for electronic mail purposes to 
all of these networks. Indeed the fact that the EMBL is 
connected to EARN in particular is losing importance since 
the impression is not of one network (EARN) and other net-
works (the rest), but rather of one giant world-wide computer 
network much akin to the telephone system where it is no 
more difficult to reach a colleague in, say, Canada than it is 
to reach someone at a neighbouring institute. In fact many 
users of the VAXcluster use the facilities for nothing other 
than electronic collaboration with colleagues throughout the 
world. 

The EMBL network file server 

Usage of the EMBL network file server grew substantially 
in 1989. Part of the reason is clearly due to more pUblicity 
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for the service and part is due to the increasing access to 
computer networks within the molecular biology community. 
The EMBL Data Library continued to offer access to the 
latest data in the nucleotide sequence data collection and 
the file server is currently serving between 600 and 1,000 
requests per month. In addition, the EMBL Data Library 
makes available a collection of public-domain molecular 
biology software on the file server. This has proven very 
popular with perhaps the most common requests being 
for the extension of the Genetics Computer Group (GCG) 
software package to EMBL scientists. These extensions 
were written by Peter Rice of the Computer Group (see 
below). 

EMBnet 

The computer group, in close collaboration with the EMBL 
Data Library group, is responsible for the technical support 
of the EMBnet project. Progress was made in 1989 and daily 
updates are now being distributed to several nodes. We are 
committed to supporting both DECnet and TCP/IP protocols 
until such time that the I SOlOS I protocol becomes truly 
standard and widespread. To accommodate TCPIIP connec-
tions, the EMBL is in the process of becoming connected to 
the Internet, which will make us even more accessible to the 
rest of the molecular biology community, especially those in 
North America. Final connection is due to be established in 
February 1990. 

The present state of EMBnet is described in more detail in 
the EMBL Data Library report in this publication. 

GCGEMBL sequence analysis software 

In collaboration with Wilhelm Ansorge (Biochemical Instru-
mentation Programme) and C.T. Caskey (Baylor College 
of Medicine, Houston) the sequence of the human hypox-
anthine phosphoribosyl transferase (HPRT) gene was as-
sembled and analysed. Several new programs were written 
during the course of this project to improve the management 
of DNA Fragment Assembly projects. Other programs were 
also developed using the Genetics Computer Group (GCG) 
software package to meet the needs of EMBL scientists. 

Publication during the year 

Lowe, N., Rice, P.M. & Drew, R.E. (1989). Nucleotide se-
quence of the aliphatic amidase regulator gene of Pseu-
domonas aeruginosa. FEBS Lett., 246, 39-43 

Other reference 

Edwards, A., Voss, H., Rice, P., Zimmermann, J., Ertle, H., 
Stegemann, J., Civitello, A., Caskey, C.T. & Ansorge, W. 
(1990). Automated DNA sequencing of the human HPRT 
Locus. Genomics, in press 



Maximum entropy analysis of dynamic light scattering data 

Group leader: R.K. Bryan 

Fellow: DAM. Konings* 

Following recent advances in the theory of maximum en-
tropy and Bayesian methods (Gull, 1989) an algorithm has 
been developed to apply this approach to the analysis of 
dynamic light scattering data. The resulting algorithm is 
a considerable advance on previous approaches to this 
problem, giving improved spectra, a proper treatment of 
parameters such as the baseline level which were previously 
estimated in an ad hoc way, and moreover an increase in 
computational speed. This algorithm will also be appropri-
ate for other oversampled data problems, such as solution 
scattering and fibre diffraction. 

The problem is to calculate the probability that any particular 
spectrum, represented by an N-dimensional vector f, could 
give rise to the measured data, D, assuming that knowledge 
of the experimental details and noise statistics allows the 
determination of p(DIf), the probability of the data given 
the spectrum (the likelihood). 

The posterior probability distribution of spectra is given by 
the product of the prior, exp as where S is the entropy of I, 
and the likelihood. The parameter a must also be estimated, 
which is done by a further application of Bayes' theorem to 
give the joint posterior distribution of I and a as 

p(f,aID) ex aN / 2 exp(aS - L), 

where L = -logp(DIf). The probability maximum at fixed 
a is at that I which maximises Q = as - L, i.e., the max-
imum entropy spectrum, denoted by j( a). The distribution 
of I at fixed a is approximated by a multivariant Gaussian 
about j(a), with covariance -VVQ-1. Integrating lout of 
the joint posterior using the appropriate measure gives the 
distribution of a: 

( )
1/2 

p(aID) ex II expQ, 
. a +A. • 

where Q = Q(j) and the {Ai} are the eigenvalues of VV L 
with respect to VV S. Thus this formulation gives rise to two 

numerical problems: the maximisation of Q at fixed a; and 
thecalculation of the eigenvalues A. 

The counts obtained in a dynamic light scattering experi-
ment are proportional to G(t) = F(t)2 + A, where F(t) 
is a multiexponential decay curve, related to the spectrum 
of decay times I(r) by F(t) = J I(r)exp-t/rdr, and 
A an unknown baseline count. The counts may be very 
large (106 or more), so the Poisson distribution of noise is 
approximated by Gaussian, giving the discretised form 

L = I: -;(Gk - Dk)2. 
2 k O"k 

The baseline level may be estimated from measurements at 
large t, when all components have decayed, but a superior 
treatment is to integrate it out of the likelihood to give the 
'quasi-likelihood' 

p(DIf) = J p(DI/, A) dA, 

and then define L = -logp(DIf), analogously to the orig-
inal definition of L. L in the Gaussian noise approximation 
is quadratic in A, so the integral is easily performed. L has 
the same functional form as L, except that A is replaced by 
A, the value which minimises L at given I and D, given by 

A= - I:-;(Ff -Dk)/I:-;. 
k O"k k O"k 

Alternatively, the posterior distribution of A could be calcu-
lated by a further application of Bayes' theorem. 

One common feature of the problems of interest here is 
that the data are not point-by-point independent, and in that 
sense the datasets are termed "oversampled". For example, 
a singular value decomposition of the matrix representing 
the exponential decay kernel may only show about 15 sig-
nificant singular values, even though there may be over 100 
points in both the data set and the reconstructed spectrum . 
This means that the solution may be determined by a similar 
number of parameters (which in turn need not be indepen-
dent), and a very efficient numerical algorithm produced. 

135 



Another important aspect of this analysis is that the standard 
deviation of the value at any point of the resulting spectrum 
is very large, and depends on the gridding. Judging the 
results simply by looking at a single spectrum, however it 
is selected, is therefore entirely misleading. On the other 
hand, the covariance matrix shows that the spectrum is 
strongly correlated; in particular, adjacent points have strong 
negative correlation. From this information we can in turn 
calculate integrals of functions of the spectrum and their 
covariances. Most importantly, although the precise shape 
of a spectral peak may be poorly defined, the integrated 
intensity in the peak can be very accurately determined. 

Results of applying this algorithm to the analysis of dynamic 
light scattering data are given by Jorg Langowski in the 
Grenoble Outstation report. 

Publications during the year 

Bryan, R.K. (1989a). Maximum entropy calculations in crys-
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tallography. In Improving Protein Phases, CCP4 Study 
Weekend, Feb. 1988: eds. Bailey, S., Dodson, E. & Phillips, 
S.; SERe Daresbury Laboratory, pp. 107-112 

Bryan, R.K. (1989b) Maximum entropy in crystallography. In 
Maximum Entropy and Bayesian Methods: ed. Skilling, J.; 
Kluwer Academic, Dordrecht, pp. 213-224 

Konings, DAM. (1989). Pattern analysis of RNA secondary 
structure. A bioinformatic approach. Ph.D. Thesis, Rijksuni-
versiteit Utrecht. 

Konings, DAM. & Hogeweg, P. (1989). Pattern analysis 
of RNA secondary structure. Similarity and consensus of 
minimal-energy folding. J. Mol. BioI., 207, 597-614 

Other references 

Gull, S.F. (1989). In Maximum Entropy and Bayesian Meth-
ods: ed. Skilling, J.; Kluwer Academic, Dordrecht, pp. 53-71 



Data library group 

Group leader: G. Cameron 

Scientists, Engineers: T. Black*, R. Fuchs*, D. Hazledine, P. Herde, P. Kahno, P. Stoehr, G. StoBer* 

Visitors: A. Bairoch* 

Secretaries: A. Lennon*, F. Duhaney* 

Assistants: R. Apweiler*o, M. Becko, B. BOckmann, L. Bowden*, C. Byrne*, C. Christodoulouo, A. Daskaroliso, D. Emmert*, E. Follmer-Hi:iusle*o, 
L. GiII*, I. Keck*, G. Link*o, B. Meissnero, D. Michalovich*, C. Rice*o, B. Rochert, R. Rotfuchs*o, M. Schrimpf*, M. Sommerfeld, C. Tsindikidou*o, 
K. ZojerO 

In 1989 the Data Library saw major expansion. Increased 
funding through the EC allowed the appointment of new 
staff, bringing the group up to 30 people. Much of the growth 
has been necessary to cope with the ever-increasing flood 
of data, and also new network and CD-ROM distribution sys-
tems have required expansion. The most important devel-
opment of 1989 has been the installation of the database in 
the Oracle relational database management system, which 
will clear the way for a number of important improvements 
in the coming year. 
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Cumulative bases published by year of publication. (Note that 
comparison with Plate 39 is misleading as publications often report 
overlapping or duplicate data.) 
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The production, maintenance and distribution of the nu-
cleotide sequence database continues to be the main en-
deavour of the group. In the course of the year the collection 
grew from 24 million base pairs to almost 35 million. Plate 
39 shows this growth. 
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The acceleration in the rate of growth is also visible if we 
analyse citations in the database by year of publication as 
in Plate 40. Extrapolating this fairly smooth curve to the 
end of the century predicts a database of some 1010 base 
pairs in the year 2000: that is, almost 300 times larger than 
the present collection or three times the size of the human 
genome. 

In fact there may be an upturn in the curve due to the 
widespread introduction of sequencing machines and con-
certed genome sequencing efforts. Clearly, new systems are 
required to handle this flood of data. 

Protein sequence data 

The SWISS-PROT database of protein sequences, pro-
duced in collaboration with Amos Bairoch at the University 
of Geneva, continues to be one of the most popular ser-
vices offered by the Data Library. This collection is built 
mainly from translations of coding sequences in our Nu-
cleotide Sequence Database. In 1989 SWISS-PROT has 
grown from 2.4 million amino-acids to 3.8 million. One of 
SWISS-PROT's most useful features is its extensive cross-
references to other databases, which we will soon introduce 
into the nucleotide sequence collection. 

Restriction enzyme data 

The database of restriction enzymes provided by Dr. R. 
Roberts (Cold Spring Harbor Laboratory) continues to be 
distributed with all releases of the data. 

Eukaryotic promo tors 

A database of eukaryotic promotors (EPD) has been pro-
duced by Philipp Bucher (now working at Stanford Uni-
versity) since 1988. This database contains detailed an-
notation of eukaryotic transcription start sites present in 
the Nucleotide Sequence Database and documented in 
the research literature. The database itself contains no 
sequences, but rather references to the sequences in our 
database. Its releases are co-ordinated with and designed 
to be used with the Nucleotide Sequence Database. 

EPD, as a database maintained remote from, but co-
ordinated with, the centralized sequence collection, provides 
a model whereby detailed biological annotation can be car-
ried out at remote sites which have the appropriate exper-
tise. We are exploring the possibility of other collaborations 
aimed at producing similar specialist annotation databases. 

Data acquisition 

In their early years the databases entered almost all the data 
manually from journal articles. More recently the emphasis 
has been on direct submission of data by researchers, with 
the protein and nucleotide sequence databases operating 
a common submission scheme, involving agreements with 
most of the major molecular biology journals. A computer 
program which helps authors to produce submissions for 
any of the nucleotide sequence databases was completed 
by GenBank in 1989 and is now in the final stages of testing. 
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EMBL, GenBank and DDBJ have agreed in principle to 
develop systems which will allow researchers to submit data 
to any of the three databases rather than to the database 
responsible for the journal in which the data are to be 
published. 

Despite initial resistance to the idea of direct submission 
in some circles, progress in 1988 was good, with about 
60% of data being submitted. Unfortunately 1989 has not 
seen such improvement - strong resistance from a few 
important journals makes it difficult to get the submission 
rate above about two thirds of the data. This is alarming in 
that increases in the total data flow rate make entering even 
the remaining data a huge task. 

Data management 

Early in 1989 the Nucleotide Sequence Database was in-
stalled in the ORACLE relational database management 
system (RDBMS), and the last release of 1989 was pro-
duced directly from that version of the database. The next 
stage is to further develop the tools for entering data into 
the RDBMS. Installation in the RDBMS clears the way for 
a number of major'future tasks. These include conversion 
to the new feature table, whose design was begun by 
EMBL, finalized by GenBank, and has been agreed to by 
all three databases. Plans for this work are being drawn up 
at present, and some new staff will be appointed to work in 
these areas soon. 

Data distribution 

Magnetic tape subscriptions 

Copies of the entire database on magnetic tape continue to 
be the main way the data are distributed. In 1989 a number 
of new tape formats were supported. 



CD-ROM 

In April 1989 the Data Library produced a prototype release 
on CD-ROM, and since then regular releases have been 
distributed on this medium. The disk contains the nucleotide 
sequence database and SWISS-PROT and software to 
enable MS-DOS computers to search both databases. 

A common CD-ROM database format is being developed 
collaboratively and is being finalized by IntelliGenetics. We 
will include data in this format as soon as its final specifica-
tion is circulated. 

Network file server 

Our file server, which allows users to request individual 
files from EMBL over computer networks, is now going 
into its third year of operation. This facility is maintained 
in collaboration with the Computer Group. The Data Library 
offers a continuously updated nucleotide sequence data col-
lection via this facility. In the course of 1989 SWISS-PROT 
releases have also been made available. In November we 
began to distribute public domain molecular biology software 

Table 6 

using the file server, at present for MS-DOS, VAX/VMS, 
and Macintosh, but we hope soon to increase the range of 
machines supported. The MS-DOS software is distributed 
in collaboration with the University of Houston, who offer a 
similar service. 

At the end of 1989 the file server is processing between 600 
and 1000 requests per month. 

EMBnet 

EMBnet was established in 1988 as a way of connecting 
molecular biological research centres throughout Europe for 
the purposes of data distribution, computer conferencing 
and other information services. By the end of 1989 nearly 
all EMBL Member States had identified a national node and 
seven nodes were already operational. It is intended that 
national nodes should offer data distribution and analysis 
services within their country, and indeed a number are 
already doing so. 

Table 6 lists the EMBnet nodes and their current (January 
1990) status. 

EMBnet node status 

Node 

CITI2 

SERC Daresbury Laboratory 

CAOS/CAMM Centre 

Centre of Molecular Biology 

Biocomputing Biozentrum 

Biomedical Centre 

Weizmann Institute of Science 

Institute of Medical Biochemistry 

Institute of Biotechnology 

Institute of Biological Chemistry 

Institute of Molecular Biology and Biotechnology 

DKFZ 

Bioregulation Research Centre 

Institute of Molecular Pathology 

Hoffmann-La Roche 

Relationships with other databases 

The EMBL, GenBan/(®, DDBJ collaboration 

Status 

Paris, France Receiving daily updates 

Daresbury, U.K. Receiving daily updates 

Nijmegen, the Netherlands Receiving daily updates 

Madrid, Spain Have national mandate 

Basel, Switzerland Receiving daily updates 

Uppsala, Sweden Receiving daily updates 

Rehovot, Israel Receiving daily updates 

Oslo, Norway Have national mandate 

Helsinki, Finland Awaiting national mandate 

Bari, Italy Have national mandate 

Heraklion, Greece Have national mandate 

Heidelberg, F.R.Germany Have national mandate 

Aarhus, Denmark Have national mandate 

Vienna, austria Awaiting national mandate 

Basel, Switzerland Receiving daily updates 

wide. At a collaborative meeting in Japan in June the main 
discussions were on methods of data exchange, data acqui-
sition, CD-ROM format and feature table implementation. 

The collaboration between EMBL, GenBank0 and the DNA 
Database of Japan continues to be the main way of provid-
ing nucleotide sequence information to researchers world-

As a result we were able in the course of 1989 to exchange 
new data between releases, allowing all groups to offer 
complete, up-to-date collections. 
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The protein sequence databases 

The three collaborating protein sequence databases: PIR in 
America (Georgetown), MIPS in Europe (Martinsried) and 
JIPID in Japan receive data from us through their Martins-
ried centre so that they can include translation products in 
their databases. 

Scientific advisory committee 

In February the second meeting of the International Advisory 
Committee for the nucleotide sequence databases took 
place in Heidelberg. This committee advises the funding 
agencies of the three and is composed of scientists from 
Europe, the USA and Japan. In August the European mem-
bers of the committee met in Heidelberg. These European 
members are selected by EMBO (3 members) and the EEC 
(2 members). Both meetings made recommendations which 
stressed the importance of completeness of the database 
and encouraged the off-loading of scientific interpretation 
(annotation) to the scientific community. 

Support for the Data Library 

The Data Library currently receives almost half of its support 
from the European Community's BAP programme, and the 
expansions allowed in 1989 are now beginning to have an 
effect. The EEC funding runs out early in 1991, but further 
support through to the end of 1993 is being sought under 
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the EEC's BRIDGE programme. In the longer run we expect 
information services to outgrow EMBL, and are exploring the 
possibility of establishing an independent European centre 
for this purpose. 

Publications during the year 

Data Library Staff (1989). EMBL Data Library Release Notes 
and User Manual, Releases 18, 19, 20, 21 

Bairoch, A. and Data Library Staff (1988). SWISS-PROT 
Release Notes and User Manual, Releases 10, 11, 12 

Stoehr, P.J. & Omond, R.A. (1989). The EMBL network file 
server. Nucl. Acids Res., 17, 6763-6764 

Cameron, G.N. (1989). The structure of nucleotide se-
quence databases. In Biomolecular Data: A Resource in 
Transition: ed. Colwell, R.R.; Oxford University Press, pp. 
33-37 

Kahn, P. & Philipson, L. (1989). To publish or not to publish. 
In Biomolecular Data: A Resource in Transition: ed. Colwell, 
R.R.; Oxford University Press, pp. 339-343 

Kahn, P. & Cameron, G.N. (1989). The EMBL Data li-
brary. In: Molecular Evolution: Computer Analysis of Protein 
and Nucleic Acid Sequences. Methods in Enzymol., 183: 
eds. Abelson, J.N., Stone, M.J. & Doolittle, R.F.; Academic 
Press, Orlando, Florida 



Sequence and structure analysis of proteins and genes 

Group leader: P. Argos 

Scientist: J. Heringa 

Fellows: D. Bordo, T. Gibson, P. Sibbald*, M. Vingron, J. de Vlieg* 

Assistants: M. Rose*, S. Sieler-Hornke*, G. Vogt 

Visitor: M. Piani* 

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. Within this wider framework are 
the specific projects of 1989 which are described briefly 
below. 

Sequence alignments and techniques 

The sequence alignment algorithms developed by the group 
were applied to various protein systems in collaboration 
with several internal and external researchers. The list of 
proteins involved includes polymerases, subunits of the sig-
nal recognition particle, growth factors, membrane channel 
proteins, and acetylcholine receptors. The more notable 
results concerned the recognition of a guanosine triphos-
phate (GTP) binding domain in the 54k subunit of the signal 
recognition particle (see Roemisch et al. (1989) for collab-
orators) and a feasible hypothesis that many RNA- and 
DNA-dependent RNA and DNA polymerases share several 
sequence motifs with each other and with the E.coli Klenow 
pol I fragment with known tertiary structure, implying a 
similar local and possible overall fold for many polymerases 
(in collaboration with M. Delarue, O. Poch, D. Moras (CNRS, 
Strasbourg, France) and N. Tordo (Institute Pasteur, Paris, 
France)). 

The sensitive pairwise and multiple sequence alignment 
programs continue to be popular. About 90 requests have 
now been responded to. 

New techniques to determine the reliability and significance 
of local sequence regions in multiple and pairwise align-
ments are under development. The new methods predict 
which residue pairs in an optimal two-sequence alignment 
are likely to be matched correctly. This is accomplished by 
altering the alignment parameters as gap penalties, again 
effecting the alignment, and observing which local regions 
lead to different alignments (suboptimal matches) or are 
maintained (optimal matches). Matched spans without al-
ternative paths in search matrices are considered reliable. 
When aligning N sequences, N(N-1 )/2 search matrices can 
be calculated for each unique sequence pair. An algorithm 
has been developed that filters out of each matrix those 
aligned residues that are consistent with each pairwise se-
quence comparison. Work is underway to produce a multiple 
alignment with reliable regions highlighted. 

Searching databases for sequence motifs 

An interactive, user-friendly program (SCRUTINEER) has 
been designed and developed to search for motifs, patterns, 
and profiles in protein amino-acid sequence databases. The 
basic capabilities include: (1) searches for strings of amino-
acids with multiple choices at a given position; (2) searches 
for strings including variable length segments and delocal-
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ized constraints; (3) searches over subsets of a database 
or particular regions within each sequence (e.g., N-terminal 
one-third); (4) searches involving secondary structure pre-
dictions, physicochemical characteristics, and the like; and 
(5) searches using alignments as targets with various op-
tional weighting schemes, including Dayhoff weighting, man-
ual weighting of alignment rows and columns, and weighting 
to correct for over-representation of some sequences in the 
alignment. SCRUTINEER places the database identifica-
tion codes, titles and sequences into virtual memory and 
flags hits. Various hits can then be combined and complex 
targets can be located. Because the data are in virtual 
memory, SCRUTINEER is reasonably quick. Once the data 
are loaded, all recent occurrences in a database (3.7x106 

amino-acids) of a hexameric string of amino-acids are found 
in about 30 seconds. The user can select one of several 
mathematical functions (e.g. helical hydrophobic moment) in 
concert with a set of numerical values for each amino-acid 
such that hits are based on the selection of upper and 
lower bounds of the function score. This allows, for example, 
detection of predicted secondary structures. SCRUTINEER 
can also provide descriptions of the entire database, user-
friendly hits, user-defined regions of sequence, and all hits. 
SCRUTINEER is written in standard Pascal with absolutely 
no extensions to the language, facilitating its porting to 
other systems. The source code and accompanying user's 
manual are freely distributed. 

Transputers and amino-acid sequence comparisons 

An algorithm, utilizing a Macintosh II personal computer 
interfaced to 3 transputers, was developed to compare two 
protein sequences by a sensitive technique designed to 
detect very distant relationships (see details in the 1985 
Research Reports). It was found that each transputer had 
the processing speed of a VAX 8650 and yet cost only 
about 1/100 as much. The system is now being upgraded 
to about 20 transputers which should make it possible to 
search entire amino-acid sequence databases by one of the 
most sensitive techniques available. 

Natural selection of point mutations In evolving proteins 

In spite of widely divergent sequences, the tertiary struc-
ture of many proteins show a conserved topology and 
function. The amino-acid sequences of tertiary structures 
for several protein families (e.g. globins) were aligned 
and structurally equivalenced by spatial superposition of 
mainchain Ca atoms. A search was then performed for 
structurally equivalent residue pairs that were buried in 
the protein core and that had mutated but maintained 
similar unmutated environments. Residues with atoms in 
contact with such central residue pairs defined their en-
vironments. Such examples of point mutations would rep-
resent in vivo site-directed mutagenesis as would be ob-
served in evolution assuming that a residue and its envi-
ronment evolved in a coordinated way. A search for mu-
tated but exposed equivalent central residues was also 
performed. The constraints placed on the characteristics 
of the mutated residues (e.g. sidechain volume (Plate 
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42). polarity, radius of gyration) allowed suggestions for 
the evolutionary modes of protein core and surface de-
velopment as well as residue substitution guidelines to 
maintain structural stability in protein engineering and de-
sign. 

Analysis of highly Interacting sldechaln clusters 
in protein tertiary structures and their role 
In protein folding 

It is not unlikely that nature has designed a consistent way 
to fold proteins. Early in the folding process, it would be 
expected that clusters of a few highly interacting residues 
would form and would be observed in the final protein fold. 
So, knowledge about small groups of residues displaying 
considerable contact with each other and much less with 
surrounding residues could provide insight into the protein 
folding pathway. To this end, various algorithms were de-
signed to detect these clusters on the basis of pairwise 
residue contacts. These algorithms were applied to a set 
of 136 protein tertiary structures having less than 50% 
sequence homology with each other. The resulting clusters 
were characterized in terms of average contact, occurrence 
in various types of secondary structures, and residue com-
position. The groups were often found to be near the surface 
of the proteins and were composed of large hydrophobic and 
hydrophilic residues. The results suggested a "collapsable" 
theory of protein folding such that elements of secondary 
structure are coaxed to associate (e.g. strands in a ,a-sheet) 
by the rigidly associating clusters near the protein perimeter. 

Protein tertiary structure modelling from the 
sequence alone 

The evaluation of molecular graphics in conjunction with 
constrained molecular dynamics for protein tertiary structure 
modelling has continued. The information used in mod-
elling proteins is taken from sets of aligned, homologous 
sequences which often show regularities characteristic of 
particular secondary structures. The elucidation by nuclear 
magnetic resonance (NMR) of the structure for the 30 
amino-acid zinc finger motif enabled testing of a previously 
constructed model. The model was reasonably successful 
in that the correct overall topology, consisting of a hairpin 
and helix, and the exact Inngth of the helix were correctly 
predicted. Incorrect features were an offset by two residues 
of the ,a-strands in the hairpin and the consequent incorrect 
packing of hydrophobic sidechains. With the benefit of hind-
sight and the improved analyses of hairpins now avialable, it 
was concluded that the structure could have been correctly 
built. It was also noted that the energy analysis by molecular 
dynamics pointed to the flaws in the model and can be 
applied more rigorously in the future. 

The major new project concerns the 100 amino-acid repeat 
unit of the giant muscle protein titin, an important component 
of muscle structure and a regulator of myosin assembly 
(in collaboration with J. Trinick, Bristol University, U.K., and 
S. Labeit, EMBL). On the basis of segments of very clear 
amphipathicity, the domain appears to be a 7-stranded 
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anti-parallel f3 protein. Further arguments based on degrees 
of conservation of hydrophobic residues and the occurrence 
of f3 bulges indicate which strands are at sheet edges. 
Restrictions to the connectivity of the strands allow only the 
already known "jellyroll" topology, or its mirror image, to be 
built. {To understand the nature of this domain better, the 
jellyrolls in existing structures were examined; it was found 
that a new jelly roll topology could be discerned in the tomato 
bushy stunt virus protruding domain, which resulted in a 
heretofore new classification of the 4 possible jelly roll topolo-
gies.} For titin, since the left handed cross-over topology is 
not found in proteins, excluding the mirror image jellyroll 
from consideration, a logical analysis of the information in 
the aligned sequences has led to a single topology, a result 
which is novel in the field of protein structure prediction. On 
the basis of this result, a tertiary structure model for the titin 
domain is being built. 

SIDE CHAIN VOLUME 

Molecular dynamics and protein modelling 

Restrained molecular dynamics was applied on a starting 
structure modelled from the known tertiary architecture of 
reduced Clostridium MP flavodoxin {in collaboration with 
C. van Mierlo, P. Lijnzaad & J. Vervoort of the Agricul-
tural University of Wageningen, The Netherlands}. The re-
sulting structure of the homologous but non-crystallizable 
Megosphaera elsdenii flavodoxin satisfied well the empirical 
constraints provided by 509 NOE's from 1 H NMR spectra. 
The Megosphaera elsdenii flavodoxin is probably the largest 
protein determined by NMR till now {137 residues}. The 
flavodoxin core was highly resolved due to the good spread 
of restraints over the molecule. However, hydrogen-bonding 
between molecular surface residues and between flavin and 
the protein may be the result of simulations without solvent. 
Hence, studies are underway in collaboration with W. van 
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Gunsteren and H. Berendsen of the University of Gronin-
gen, The Netherlands, to study errors introduced by the 
water exclusion. Molecular dynamic simulations are being 
carried out on a small protein (Lac repressor headpiece, 51 
residues) in aqueous solution and in vacuum. The significant 
and structural differences will be compared and analysed. 

It has been suggested that a possible homology exists be-
tween the primary structures of rhinovirus VP2 coat protein 
with known tertiary structure and human immunodeficiency 
virus (HIV) p24 core protein. It was thus possible to predict 
roughly the tertiary fold of the HIV protein. At this moment, 
the tertiary structures of 10 icosahedral viral capsid pro-
teins at atomic resolution are known. The capsid proteins 
from plant, insect, and animal viruses have a similar fold 
and quaternary organization. In each case the essential 
domain consists of an eight-stranded anti-parallel ,B-barrel. 
An investigation of the relationships between the primary 
and tertiary structures of these virus proteins is presently 
underway to extract a number of general "statistical" rules. 
These rules can be the basis of a more accurate predic-
tion of capsid virus proteins as that from HIV. However, it 
is questionable whether the number of extracted rules is 
sufficient to determine unequivocally the tertiary structure 
of proteins of this size. It may be possible to use molecular 
dynamics simulations, based on time-dependent constraints 
and simplified potential energy functions, to allow atoms to 
pass through each other. This should enhance the statistical 
rules and may resolve any contradictions. 

Publications during the year 

Argos, P. (1989a). Predictions of protein structure from 
gene and amino-acid sequences. In Protein Structure: A 
Practical Approach: ed. Creighton, T.E.; IRL Press, Oxford, 
pp. 169-190 

Argos, P. (1989b). Preferred residue interaction in protein 
subunit and domain interfaces. In Methods in Protein Se-
quence Analysis: ed. Wittmann-Liebold, B.; Springer Verlag, 
Berlin, pp. 370-378 

Argos, P. (1989c). A possible homology between immun-
odeficieny virus p24 core protein and picornaviral VP2 coat 
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779-785 

Vingron, M. & Argos, P. (1989). A multiple sequence align-
ment algorithm with improved sensitivity. CABIOS, 5, 115-
121 

Menendez-Arias, L. & Argos, P. (1989). Engineering protein 
thermal stability: sequence statistics point to residue SUbsti-
tutions in a-helices. J. Mol. BioI., 206, 397-406 

Rechid, R., Vingron, M. & Argos, P. (1989). A new interactive 
protein sequence alignment program and comparison of its 
results with widely used algorithms. CABIOS, 5, 107-113 
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erties suggest a calcium-induced, pH-dependent mech-
anism for its aggregation and sorting into neuroen-
docrine secretory granules. J. Bioi. Chem., 264, 12009-
12015 
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DNA-binding domain ancestry. Nature, 342, 134 
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Sawruk, E., Udri, C., Vingron, M., Betz, H. & Schmitt, 
B. (1989). Ligand-gated iron channneis in Drosophila. In 
Molecular Biology of Neuroreceptors and Ion Channels; 
NATO ASI Series, H32: ed. Maelicke, A.; Springer Verlag, 
Berlin, pp. 69-81, 
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gron, M. & Dobberstein, B. (1989). Homology of 54k protein 
of signal-recognition particle, docking protein and two E.coli 
proteins with putative GTP-binding domains. Nature, 340, 
478-481 



Analysis of protein structures 

Group leader: A.M. Lesk 

Scientists: J.P.M. Postma, A. Pastore, A. Tramontano 

Fellow: S. Miller 

Assistant: R. Schnabel 

The major focus of the research has been to understand 
how amino-acid sequences of proteins determine their con-
formations, by analysing known structures to determine 
general principles of protein architecture. 

Activities during 1989 have included projects on: 

(1) Understanding the structural determinants of antigen-
binding sites of immunoglobulins. We have shown 
that for at least five of the six hypervariable loops, 
the conformations are restricted to a discrete set of 
"canonical structures". We understand what determines 
their conformation and can generally identify the correct 
conformation of a loop from the amino-acid sequence 
of an immunoglobulin. The role of particular framework 
residues in influencing the conformation of antigen 
binding sites has been clarified. Comparisons of our 
predictions with crystal structures show that we can 
predict, with reasonably consistent success, the con-
formations of five of the six hypervariable loops. 

(2) This work has elucidated some general principles gov-
erning conformations of medium-sized loops in pro-
teins. Conformations of medium-sized loops tend to re-
cur in unrelated protein structures. They are stabilized 
by similar interactions, but these interactions may be 
provided by residues arising from different parts of the 
protein. 

(3) Analysis of the relationships between very distantly-
related protein structures, to understand the mecha-
nism of protein evolution when constraints arising from 
conservation of function are removed. In one study, 
in collaboration with C.-I. Branden and C. Chothia, we 
concluded that not all the proteins containing /3-0-/3 
barrels (as seen first in TIM) are related. In another 
study, a detailed comparison of the antenna pigment 
phycocyanin with the globins, we concluded that there 
is a genuine but very distant evolutionary relationship. 

(4) Together with outside collaborators, NMR structure de-
terminations have been undertaken of the active DNA-
binding fragment of the yeast transcriptional activator 
protein GCN4, containing the leucine zipper and DNA 
binding domains, cyclolinopeptide A, and the CoIE1 
Rop protein. 

(5) Computational methods to assist the solution of pro-
tein structures by x-ray crystallography. The refinement 
of protein structures using the molecular dynamics 
algorithm has revolutionized this important stage in 
the determination of macromolecular structures. The 
method can be used as a standard tool. We are now 
developing a program environment which will allow the 
user the greatest flexibility in setting up and controlling 
a refinement project and in subsequent analysis of the 
obtained results. 

(6) In addition, members of the group and coworkers have 
carried out projects involving: analysis and modeling 
of interfaces between protein subunits, analysis of pat-
terns of unusual main-chain conformations in proteins, 
modelling studies related to nucleosome structure, the 
design and development of computer-graphic methods 
for displaying proteins ani nucleic acids, and construc-
tion and analysis of data bases. 

The antigen-binding sites of Immunoglobulins 
(A. Tramontano, C. Chothia & A. Lesk) 

In 1989 we continued our analysis of the relationship be-
tween sequence and structure in immunoglobulins. Our 
results have applications to the prediction of the structures 
of the antigen-binding sites of antibodies and guiding work 
in engineering changes in them. 

Immunoglobulins are formed by a conserved framework and 
six hypervariable loops that cluster in space to form the 
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antigen-binding site. The framework structure was thought 
to playa passive role in the structural variations that occur 
in the antigen-binding site, which give rise to the high range 
of specificity achieved by antibodies. 

We have shown that for at least five of the six hypervariable 
loops, the conformations are restricted to a discrete set of 
"canonical structures", and we understand what determines 
their conformation and can generally predict it from the 
amino-acid sequence of an immunoglobulin of unknown 
structure. 

An amino-acid in the framework of the heavy chain is 
responsible for the conformation and position of the second 
hypervariable loop in the heavy chain (H2). H2 is a short 
hairpin (a loop connecting successive antiparallel strands in 
the same p-sheet). The conformations of short hairpins have 
been extensively studied and a set of rules to determine their 
conformation from their sequence proposed. We find that 
the H2 loop in certain immunoglobulin structures is a clear 
exception to these rules. The conformation and position of 
H2 are correlated with the amino-acid in position 71 of the 
heavy chain framework. We are now able to predict when 
and how the interactions of the loop with the framework 
override the predisposition of its sequence pattern. This has 
allowed us to improve our procedure for predicting unknown 
immunoglobulin structures. 

We have tested our ideas by predicting the conformations 
of antigen-binding regions of immunoglobulins before their 
crystal structures are determined. 

We sent our predictions to the scientists carrying out the 
x-ray crystal structure analysis of immunoglobulins, and 
when the structures were determined, tested them. We 
have also implemented an automatic computer procedure 
that builds an atomic model of an immunoglobulin of un-
known structure from its sequence, based on the se-
quences and structures of known immunoglobulins. The 
objectivity of the procedure frees us from the require-
ment of recording our model before the x-ray determina-
tion of the structure is finished. Having a procedure that 
can build the model using different input data and/or dif-
ferent rules simplifies the unbiased testing of our under-
standing of the determinants of immunoglobulin conforma-
tion. 

Recently the x-ray determined coordinates of four im-
munoglobulin structures that we had previously predicted 
and recorded became available. The comparison of the pre-
dicted and experimental structures has shown an excellent 
agreement, supporting our confidence in our understanding 
of the structural determinants of the antigen-binding site 
and in the model building procedure that we derived from 
it. 

Conformational determininants of medium-sized 
loops in proteins 

Using data base search techniques we were able to identify 
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medium-sized loops of very similar conformation in different 
proteins. Some general rules governing their conformation 
were derived. These loops often appear in completely dif-
ferent structural contexts, For example, the typical V K, L3 
of immunoglobulins is a hairpin; but it is almost identical in 
main-chain conformation to a loop connecting two different 
p-sheets in tomato bushy stunt virus. We found that loops 
of similar structure in unrelated proteins are stabilized by 
similar types of interactions. However, different proteins 
can use different topological arrangements to position the 
residues that provide the stabilizing interactions. The loops 
require, for a given main-chain conformation, a certain set 
of interactions, which the protein can provide in several 
different ways. 

For medium-sized loops that form compact structures with 
ends close together the major conformational determinants 
are hydrogen bonds to the inward-pointing polar atoms of 
the loop. For loops whose ends are more widely sepa-
rated, the major determinant of the conformation is the 
packing of a residue of the loop against the rest of the 
protein. 

Our results indicate that it is quite unlikely that rules relating 
amino-acid sequence and conformation in short hairpins can 
be extended to medium-sized loops. In unrelated proteins 
the amino-acid sequences will not help to identify similar 
loops because completely different sets of residues can 
be used by different proteins to provide similar interac-
tions. 

Comparison of the structures of globins and 
phycocyan ins: evidence for evolutionary 
relationship (A. Pastore, A.M. Lesk) 

Globins and phycocyan ins are two classes of proteins with 
different function, different ligands and no significant se-
quence similarity, yet the conformations of their polypeptide 
chains show very similar folding patterns. This similarity 
could either arise from a genuine, though very distant, 
evolutionary relationship, or it could represent a common 
solution of a structural problem. 

We performed a detailed comparison of globins and phy-
cocyanins, finding that the helix packing, one of the best 
conserved structural features in proteins, is in most cases 
similar in the two classes, s') that, on the basis of contact 
patterns, it is possible to trace a self-consistent alignment 
of the sequences. On the basis of this alignment, a careful 
analysis of the helices and their interactions shows many 
features common to globins and phycocyanins, including 
some exceptional features of the globins such as a 3-10 
C helix and the unusual "crossed-ridge" packing pattern at 
the B/E helix interfaces. 

Our results support the idea that the globins and phyco-
cyanins are distantly-related members of a common family 
of proteins and that the very large differences between 
them are the result of divergent evolution from a common 
ancestor, under conditions where constraints arising from 
conservation of function are relaxed. 



Structure determination of polypeptides by NMR 
techniques and distance geometry calculations 
(A. Pastore) 

In the last 10 years, nuclear magnetic resonance (NMR) 
techniques have been proved to be useful in three-
dimensional structure determinations of polypeptides and 
small proteins, especially when no crystals can be ob-
tained. During 1989, Annalisa Pastore has been involved 
in three different projects using NMR techniques as main 
tool for structure determination, working with NMR facilities 
available at the Max-Planck Institute for Medical Research, 
Heidelberg in collaboration with P. Roesch, or with other 
collaborators, or translating NMR distance information into 
three-dimensional structures. 

Solution structure of an active DNA-binding 
fragment of the yeast transcriptional activator 
protein GCN4, containing both the leucine 
zipper and DNA-binding domains 
(A. Pastore & V. Saudek) 

A new family of DNA-binding proteins consists of two 
contiguous domains: one region (the "leucine zipper" sub-
domain) is known to dimerize and is necessary to position 
the second region (the "basic domain") to interact with 
specific DNA sequences. This interaction modulates gene 
transcription. In spite of the several models suggested for 
the leucine zipper region structure and for the interactions 
with DNA of the whole domain, little direct structural infor-
mation exists so far. 

We have determined the structure of a 61 residue synthetic 
peptide containing both the basic domain and the leucine 
zipper of the yeast transcriptional activator GCN4 based on 
NMR studies and distance geometry calculations. 

Most of the peptide is helical with the leucine zipper re-
gion forming a long, uninterrupted helix. Our data add to 
previous hypotheses on the structure of this peptide, and 
its arrangement in the dimer. The dimer interface between 
two monomers, restricted to the leucine zipper region, was 
clearly observed from the NMR data and indirect evidence 
confirmed the hypothesis of a dimer formed by two parallel 
helices. This study is now going on to refine the calculated 
structure of the GCN4 fragment and to do similar work on 
a peptide with the DNA-binding region and leucine zipper 
domain from Creb. 

This work has been done in close collaboration with Dr. 
P.Roesch at MPI (Heidelberg) and with Dr. Vladimir Saudek 
at Merrel Dow (Strasbourg) for the NMR data collection and 
interpretation. 

Conformational study of cyclolinopeptlde 
(MA Castiglione Morelli & A. Pastore) 

The conformation of cyclolinopeptide A, a naturally occur-
ring cyclic nonapeptide with remarkable cytoprotective ac-
tivity, has been investigated by means of distance geome-
try calculations and molecular dynamic simulations based 
on distance information extracted from NMR data. From 

the NMR spectrum, several conformations of this pep-
tide are present in apolar solution at room temperature, 
whereas only one can be seen upon decreasing the tem-
perature (218 K). This might be because of a cis/trans 
isomerization between two adjacent prolines in the se-
quence. 

Cyclolinopeptide belongs to a wide class of compounds, 
together with antamanide and its analogues, with quite dif-
ferent sequences but very similar biological activity. The de-
termination of the structure of several peptides of this class 
is therefore important to elucidate the structural features 
common to the whole family. We also wanted to sample 
some of the iso-energetic structures present in solution at 
room temperature, and study the nature of the conforma-
tional multiplicity. The conformation obtained from the MD 
simulations which best reproduces the NMR parameters is 
at the same time one of the most stable ones and is also 
fairly similar to the crystal structure. 

Tertiary structure determination of the CoIE1 Rop 
protein (A. Pastore, W. Eberle & P. Roesch) 

CoIE1 Rop is a small dimeric protein (63 residues) which 
controls plasmid replication by regulation of RNA-RNA in-
teractions. The Rop dimer is a tightly packed four helix 
bundle. As part of a larger study of Rop stability under 
mutation, the native Rop structure in solution has been 
determined by NMR. Very good quality NMR data are 
available for the wild-type Rop and could be translated 
into distance information. In collaboration with the MPI 
group, we have calculated the structure of the monomer 
with pure distance geometry algorithms (DISMAN) and with 
restrained molecular dynamics refinement (XPLOR). The 
results from both programs were compared and shown to 
be very similar to the structure previously determined by 
crystallography. 

On the basis of these results we can now use NMR with 
confidence to study the structures of mutants. 

Vancomycin and a vancomycin complex 
(A. Pastore & H. Molinari) 

We have studied the structure/activity relationships of the 
glycopeptide antibiotic vancomycin by a combination of 
NMR techniques and molecular dynamics simulations. The 
complex between vancomycill and the dipeptide Ac-D-Ala-
D-Ala is a simple model of the binding of vancomycin to cell 
walls. The comparison between the structures obtained for 
vancomycin alone and for the complex have suggested a 
new hypothesis on the mode of binding. 

The structure of Interfaces between protein subunits 
(S. Miller) 

Molecular recognition occurs through the association of 
complementary parts. In a series of projects, several 
generalizations about subunit interfaces were described. 
These ideas were applied to building a model of an en-
gineered mammalian myoglobin structure that should form 
a dimer. 
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Molecular dynamics-x-ray refinement 
(MD-refinement) of TIM-complexes 
(J.P.M. Postma, with R. Wierenga & M. Noble) 

The MD-refinement of several triosephosphate isomerase 
(TIM) complexes with different substrate analogues have 
been initiated and successfully carried out during the year 
(see research report of Rik Wierenga's group). As a result 
of previous investigations on the colicin A refinement (with 
Michael Parker) a satisfactory refinement protocol could be 
designed. Some future improvements will be implemented: 

a proper description of crystallographic contacts will 
improve the quality of the refinement of structures at the 
surface or at protein-protein interfaces. Also inclusion 
of bulk water molecules is expected to be important for 
the ultimate quality of the MD-refinement. 
"automatic" detection of errors in the structure, based 
on an energy-per-atom scheme, can in principle be 
used to trace incorrect "refined" regions in the molec-
ular structure and thus offer a guideline for manual 
refitting into the experimentally determined density. 
currently we are working on a consistent way of defin-
ing force field data for small compounds that are un-
known to the GROMOS MD package. The goal is to 
convert structural data files, created by existing pro-
grams such as BIOGRAF, into a form that can be used 
by the GROMOS programs. 

We will continue our research in this field in order to achieve 
a consistent and flexible environment for doing MD-x-ray 
refinement. 

A study in "semi-automatic" electron density 
fitting algorithm (J.P.M. Postma, with 
C. Vergeer & R. Bryan) 

The initial electron density map which results from x-ray 
experiments of a crystallized protein is in many cases far 
from ideal due to the actual resolution, background noise, 
quality of heavy atom derivative data, etc. Some techniques 
are available at EMBL to help the crystallographer in the 
first interpretation of the density map. A facility such as 
BONES in FRODO skeletonizes the electron density and 
connects areas of high density, and thus might find a 
representation of the backbone of the protein in this way. 
However, using this procedure, all molecular information is 
lost and a wrong branching of the "BONES-trace" may lead 
to a wrong interpretation. An additional feature allows the 
user to update "BONES-atoms" manually in a certain range 
and subsequently to search a small structural data bank for 
fragments that fit best into the selected part of the electron 
density map. Such a protocol is both manual and subjective. 

We have tried to design an algorithm that is both automatic 
and objective. The general idea is the following. Consider a 
molecular fragment, for instance a peptide plane. Calculate 
the theoretical density (motif) and try to fit this motif using 
a modified Newton method into some specific area of the 
experimental density. Once a good fit has been reached, 
this fragment can be regarded as a nucleation site onto 
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which the next fragment can be chained. This procedure 
could in principle be made automatic, and thereby speed 
up the initial stage of model building. We have tested the 
first preliminary algorithm in some ideal cases and found 
encouraging results. 

It should be stressed that the present set-up is not yet 
suited for practical usage. Furthermore it is meant to be 
considered as an utility that could complement already 
existing approaches to the initial interpretation of an electron 
density map. Further research is required to make the 
procedure more robust and practical. 

Computer modelling of the Interaction of 
regulatory proteins with chromatin 
(J.P.M. Postma, with B. Pina & H.H. Ohlenbusch) 

Computer modelling of molecular structures using experi-
mental data is one of the most promising developments in 
modern molecular biology. It not only opens the possibility 
to correlate structural information with previously obtained 
experimental data, but it also allows predictions that can 
be verified experimentally. Over a number of years the 
group of Prof. M. Beato (IMT, Marburg) has been study-
ing the glucocorticoid receptor, focusing on its interaction 
with the long terminal repeat (LTR) of MMTV DNA (mouse 
mammary tumour virus). His group has collected a wealth 
of experimental data defining the binding sites of this and 
other transcriptional regulators and, in addition, data defin-
ing the precise positioning of nucleosomes along the DNA 
sequence. The goal of this project is to propose a three-
dimensional model of this system. The structure of DNA is 
known well enough to make an accurate graphical represen-
tation. Furthermore the computer program SUPERHELIX of 
H. Ohlenbusch (Strasbourg, France), developed at EMBL, 
allows the construction of superhelical DNA for any given 
set of helical parameters. In a previous collaboration be-
tween IMT and EMBL the interaction of hormone receptors 
and MMTV-LTR have been modelled in a schematic way 
(Chalepakis et at., 1988). Studies performed using randomly 
selected nucleosomes have established a set of parameters 
defining the preferential way of bending of DNA around 
the histone octamer (Drew, 198?). Using these data and 
a newly designed program PREPOS we have been able to 
construct satisfactory three-dimensional models of several 
nucleosome sequences. 

In the case of MMTV the three-dimensional model cor-
responds with the experimental findings, and has already 
helped to gain a more detailed understanding of such a com-
plex system. Further studies and analysis, complemented 
with new structural data, should help to achieve a better 
definition of the parameters governing the accessibility of 
regulatory sequences in chromatin. 

Software development for analysis of protein 
sequences and structures (R. Schnobel) 

Projects include the maintenance of a small data base of 
the solved protein structures, the development of graphics 



software for SUN workstations, and the development now in 
progress of a program system to correlate aligned protein 
sequences with three-dimensional structures. 

A small data base of the solved protein structures 

A small data base is maintained by extracting selected 
information from the headers of files of the Protein Data 
Bank. Some 11 parameters have been chosen to describe 
the proteins tersely, including function, source, number of 
residues, name of macromolecule, resolution, and method 
of refinement of the structure analysis. A retrieval program 
answers basic queries in the directory and the text body. It 
runs under VMS and UNIX. The data file and program are 
tailored to meet the needs for a quick survey, as in choosing 
a structure or set of structures for detailed analysis. 

Colour listings of tabulations of aligned 
protein sequences 

The graphics of a modern workstation can generate not only 
colour images, but also colour text. This facility is applied to 
the sequence of residues in proteins. Distinguishing classes 
of amino-acids by colour facilitates homology comparison. A 
computer program for the colour tabulation of aligned protein 
sequences is available on the SUN-3 workstations. It lists 
the sequences and provides keys for horizontal scrolling. 
Screen dumps can be routed to a TEKTRONIX colour 
printer. 

Combined and linked display of protein sequences 
and three-dimensional structures 

The display of the a-carbon chain of a protein as a stick 
model in stereo, which may be rotated and scaled by moving 
the mouse, is combined with a colour display of the the 
sequence. Both displays are linked so that the user may 
pick a residue in either view and the same residue is 
highlighted in the other representation simultaneously. The 
coupling is so tight that the user may drag the cursor 
around the sequence and watch its trace in the folded 
protein. Alternatively, a range of residues in the stick model 
and in the sequence display may be marked. The marked 
segments are preserved during viewing transformations. 

A cross-reference table between the protein 
data bank of macromolecular structures and 
the national biomedical research foundation 
center protein identification resource amino-
acid sequence data bank (A.M. Lesk, with 
D.R. Boswell, V.1. Lesk, V.E. Lesk & A. Bairoch) 

Several data banks in molecular biology store related in-
formation about the same sets of molecules. An important 
example is the National Biomedical Research Foundation-
Protein Identification Resource (NBRF-PIR) data bank 
of protein sequences, and the Protein Data Bank at 
Brookhaven National Laboratory (PDB) which contains (al-
though it is not limited to) atomic coordinates and related 
information about protein structures. In many situations it is 
useful to bring the information contained in both of these 

data bases to bear on a problem together. To facilitate 
such investigations, we constructed and analysed a cross-
reference index of the NBRF-PIR and Protein Data Bank 
data bases. We aligned the corresponding PDB and PIR 
sequences and noted discrepancies. Of the 270 sequences 
for which entries appear in both data bases, in only 86 of 
the cases - 31 % - are the sequences identical. (This counts 
many cases of the same errors occurring in several versions 
of a single structure.) Many of the discrepancies fall into the 
following classes: 

(1) The PDB sequence may be missing residues either 
because of disorder in the crystal or because the PDB 
and PIR sequences may correspond to different states 
of maturation. 

(2) Certain residues which could not be distinguished in 
the crystal structure (D or N, E or 0) are determined in 
the PIR sequence. 

(3) The PIR and PDB sequences may relate to different 
isozymes. 

Schematic diagrams of nucleic acids and 
protein-nucleic acid complexes 
(A.M. Lesk with V.1. Lesk) 

We have designed simplified representations of components 
of nucleic acids, and integrated their implementation with 
programs that draw schematic diagrams of proteins. Ex-
amples illustrating the structures of oligonucleotides, tRNA 
and protein-nucleic acid complexes indicate the utility of 
these representations for making intelligible illustrations of 
complex structures. 
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The Director's group 

Group leader: L. Philipson 

Scientist: V. Sorrentino 

Fellows: C. Cicala, C. Ciccarelli, B. Kallin, R. de Martin* 

Visitors: E. Coccia*, J. Hassan* 

Assistants: A. Charlesworth*, C. Winter* 

The group now focuses on studies of negative regulation 
of cell growth. It is an open question whether growth arrest 
or senescence of mammalian cells is mediated by specific 
genes or reflects a passive resting stage of the cell which re-
quires induction signals for growth. Studies with cell hybrids 
have demonstrated, however, that tumour cells become 
normalized when fused to resting or senescent cells and the 
studies on tumour suppressor genes seems to indicate that 
specific genes are involved in counteracting growth inducing 
elements. 

The identification of growth arrest specific (gas) cDNAs 
(Schneider et aI., 1988, 1989) has led us to characterize 
the structure and the regulation of their expression before 
assessing their relevance in growth arrest. The full-length 
cDNAs for 3 gas genes have now been sequenced and the 
protein product has been preliminarily characterized by in 
vitro translation. The gas 3 full-length cDNA studied together 
with the group of Dr. Claudio Schneider at ICGE8 in Trieste 
covers 1817 nucleotides and gives rise by in vitro translation 
to a protein of only 144 amino-acids which appears to be 
a transmembrane glycoprotein. The encoded protein shows 
some similarity to a mitochondrial oxireductase. The gas 5 
gene has a very complex structure containing at least 10 to 
11 different exons giving rise only to a small messenger 
RNA of 432 nucleotides. It obviously codes by in vitro 
translation for a protein of only around 6,000 molecular 
weight and several partially spliced mRNAs accumulate in 
the cytoplasm together with the final product. The full-length 
gas 2 cDNA was reported last year (Schneider et al., 1988). 
Concurrently we are characterizing genomic clones of the 
gas 1 and the gas 5 genes to identify the promoters of the 
gas gene family. 
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The regulation of expression of the gas genes in mouse 
fibroblasts at quiescence and after serum stimulation has 
also been analyzed. Cell cycle controlled expression of 
gas genes is observed in primary embryo fibroblasts and 
in several other fibroblastic cell lines but appears at least 
for gas 1 to be constitutively expressed in ras transformed 
cells. The gas gene expression seems to be mainly con-
trolled at the posttranscriptionallevel except for gas 1 which 
is transcriptionally regulated according to nuclear run-on 
experiments. The half lives of the gas genes mRNAs is 
around 2-3 hrs for gas 1, 2 and 3 and 6 hrs for gas 
5 in quiescent cells and thus longer than those reported 
for serum induced genes. Protein synthesis inhibition ac-
complished by cycloheximide does not alter the stability of 
any of the gas mRNAs under growth arrest condition nor 
does it inhibit their downregulation induced by serum. The 
serum induced disappearance of gas 1, 2, 3 and 5 mRNA 
is, however, prevented by actinomycin 0, suggesting that 
RNA products are necessary to initiate degradation. Our 
working hypothesis is, therefore, that the down regulation of 
the gas mRNA is mediated either directly or indirectly by 
newly synthesized serum responding transcripts which do 
not need to be translated. 

It is interesting that the gas 5 mRNA is highly expressed 
in density inhibited Friend leukemia cells but when these 
cells are induced to differentiate with DMSO or HM8A 
causing terminal differentiation to erythrocytes, gas 5 ex-
pression is rapidly downregulated both transcriptionally and 
posttranscriptionally at the final stages of differentiation. If 
haemin is used as a differentiation inducer leading at least 
to accumulation of ,a-globin mRNA, gas 5 expression is still 
retained. 



Our attempt to develop an assay for growth inhibitory mRNA 
has not been entirely successful. Microinjection of mRNA to 
inhibit DNA synthesis is not entirely reproducible and a first 
approach to inhibit gas gene expression by microinjection 
of anti-sense oligonucleotides has given equivocal results. 
The nuclease resistant RNA oligonucleotides recently devel-
oped in the Biochemical Instrumentation Programme will, 
however, also be tried for anti-sense inhibition of the gas 
genes. 

Transforming growth factor f3 (TGFf3) is a potent inhibitor 
of cell proliferation. TGFf3 inhibitory effects on cell growth 
are observed both in actively growing cells as well as when 
quiescent cells are stimulated to re-enter the cell cycle 
by serum stimulation (Sorrentino & Bandyopadhyay, 1989). 
TGFf3, like other multipotential cytokines, also regulates 
cellular functions other than proliferation. A role for TGFf3 
in regulation of gene expression during the acute phase 
reaction is suggested by the observation that TGFf3 strongly 
reduces the mRNA level of negatively regulated acute phase 
genes, like albumin and ApoAl, in human hepatoma cell 
lines (Morrone et al., 1989). 

Two alternative approaches to identify the genes that are 
really involved in growth inhibition have, therefore, been 
initiated. First using a directed cDNA library from TGFf3 
inhibited cells with the anti-sense strands under a strong 
promotor, we are attempting to overcome the TGFf3 block 
of DNA synthesis by making stable transfectants containing 
anti-sense clones under a strong promotor. Thereby it might 
be possible to select for in the presence of TGFf3 
which might identify the genes responsible for the block. 
The second approach is to microinject full-length gas cDNA 
clones under a strong promotor into actively growing cells 
and scoring for DNA synthesis inhibition in the injected cells. 

The gas gene mRNAs seem to be present in several fi-
broblastic cell lines but are absent in arrested epithelial 
cells with or without pre-treatment with TGFf3. We are, 
therefore, preparing new cDNA libraries both from arrested 
epithelial cells and from TGFf3 inhibited cells using the same 
subtractive procedure that was applied to identify the gas 
cDNAs from the fibroblastic NIH 3T3 cells. Since TGFf3 
preferentially arrest epithelial and endothelial cells, a mink 
epithelial cell line CCL64 is used for generating the new 
cDNA libraries. 

Publications during the year 
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The Outstation at the DESY, Hamburg 

Head: K. Wilson 

Scientists: C. Betzel, M. Bohm, Z. Dauter, K. GOthO, J. Hendrix, C. Hermes, M. Koch, Y. Maeda, G. Nicolae, H.-F. Nolting, K. Petratos, Z. Sayers, 
C.E. Vorgias* 

Fellows: G. Evans*, S. Klupsch, G. Lange*, P. Loeffen*, S. Pfeffer*, G. Rapp*, P. Sicre, A. Stewart 

Short-term visitors: M. Agbandje, S. Almo, A. Anders, I. Andersson, A. Arner, E. Arutyunyan, C.C. Ashley, A. Athanasiadis, U. Bacher, S. 
Bachmeyer, A. Bagni, K. Bartels, H-H., Bartsch, H.D. Bartunik, U. Baumann, G. Baumeister, V. Beecken, W. Bennett, J. Bibler, J. Biernat, W. 
Bode, M. Boeglin, K. v. Bohlen, M. Bolognesi, L. Brady, B. Brenner, S. Buchanan, G. Cecchi, E. Cedergren, M. Chapman, C. Collyer, F. Cordes, 
S. Curry, S. Cusack, M. Donatz, J. Drenth, M. DOrring, U. Evers, G. Ewald, G. Farber, M. Feiters, J. Finch, I. Fita, J. Fitter, W. Folkhardt, M. 
Fothergill, G. Fritsch, W. Geercken, L. Gemerodt, T. Glumoff, C. Gimojic, F. Golding, P. Griffiths, C. Grahl, A. Hadfield, H. Hansen, S. Harrison, 
B. Haves, R. Hansel, K. Hechler, H.-J. Hecht, D. Heese, L.H. van der Heijdt, T. Hildebrandt, R. Hilgenfeld, S. Heins, G. Hester, P. Holden, K. 
Holmes, S. Hovmoller, L. Howell, Q. Huang, E. Huizinga, F. HOttig, M. Ingelman, T. Isard, L. Jacob, C. Jacquet, J. Jager, A. Jagla, Y. Jones, 
W. Kabsch, J. Kallen, J.S. Kim, M. Kjeldgaard, C. Klein, E. Klop, E. Knorzer, M. Kockerling, I. Kolin, J. Kopke, T. Krafft, M. Kriechbaum, S. 
Krishnaswamy, R. Ladenstein, P. Laggner, A. Lahm, G. Larsson, A. Leslie, B. Lichtenberg, R. Liddington, J. Littlechild, S. Lorentz, J. Lowy, R. 
Lutter, E. Mandelkow, E.-M. Mandelkow, A. Marx, A. Mattevi, P. Maurer, R. McKenna, P. McLaughlin, A. Merlin, H. Michel, A. Mitchler, D. Moras, 
H. Mosler, N. Nassar, J. Newman, MK Nilson, V. Nwosu, P.O. Nyman, H. Obermann, T.J. Oldfield, F. Oosawa, E. Pai, G. Papanikolaou, M. 
Parker, H. Patel, R. Pauptit, G. Pelosi, G. Petsko, R. Pettifer, G. PIlOgel, K. Piontek, J. Pless, K. Poole, D. Popp, A. Potcerman, L. Prasad, S. 
Priggemeyer, W. Quail, M. Rappolt, T. Richmond, K. Ritzert, E. Rokita, A. Rompel, H. Rozeboom, K.H. Rohm, M. Ruff, S. Rupp, D. Sargent, 
A. Sawaryn, T. Schirmer, G. Schlauderer, I. Schlichting, E. Schonbrunn-Hanebeck, S. Schrieber, L. Siecker, I. Sinning, T. Sixma, T. Smale, S. 
Smerdon, J.D. Smit, G. Somjen, V-H. Song, T. Steele, P. Steine, B. Steiner, P. Stilz, B. Stoddard, D. Stuart, D. Suck, C. Sudfeldt, L. Summers, 
J. Tame, P. Tang, A. Teplyakov, J.-C. Thierry, S. Thirup, M. Thunnissen, R. Todd, J. Tormo, D. Tsernoglou, A. Tucker, J. Turkenberg, U. Uhlin, 
M. Vandonselaar, B. Vasel, G.A. Veldink, N. Volkmann, H. Vollert, T. Wacker, M. Walkinshaw, J. Wang, E. Wartna, H.C. Watson, G. Weber, M. 
WeiB, S. Weston, T. Wilkinson, H. Wille, P. Willing man, F. Winkler, I. Witt, H.T. Witt, A. Wolwede, G. Wortmann, J. Wray, D. Wrigley, A. Yonath, 
L. Yu, K. Zemke 

Assistants and engineers: P. Bendall, P. Brouillon*, M. Dauter, E. Dorrington, T. Gehrmann, H. Ignatz°, M. Ingelman*, A. Kingswell*, R. Klaring, 
M. Kretzschmer, A. Lentfer, S. McLaughlin, A. Miegel, C. Odefey*, G. Papendorf*, J. Pijpelink*, V. Renkwitz, B. Robrahn, B. Sausnero, H. Terry, 
T. ThOne* 

The DORIS storage ring at the Deutsches Elektronen Syn-
chrotron (DESY) acted as a source of synchrotron radiation 
from mid-February until mid-December 1989, with the loss 
of 2-3 weeks due to maintenance and breakdowns. DORIS 
was operated for one-third of the time in main-user mode, 
dedicated to the production of synchrotron light when only 
the beam lines receiving radiation generated by the electrons 
can be used. For EMBL these are lines X31 (protein crystal-
lography), X33 (small-angle scattering) and EXAFS. These 
lines are located in the Hamburg Synchrotron Laboratory 
(HASYLAB). During the remaining two thirds DORIS was 
run in parasitic mode with the needs of the high energy 
physicists dominating the operating conditions. In parasitic 
mode EMBL can use, in addition to the above, the beam-

lines in the EMBL Bunker IV. These are lines X11 (protein 
crystallography) and X13 (small-angle scattering). Beam 
conditions were less stable than in the previous year, with 
some periods of substantial instability affecting our work on 
small biological samples. 

The Outstation continued to provide access to synchrotron 
radiation for a wide community of users from the molec-
ular biology community in Europe and further afield, with 
strong support from the DESY staff. Over 200 visitors used 
the radiation facilities during the course of the year. In 
September 1989 the external priorities committee assessed 
proposals for beam-time for the second half of 1989 and for 
1990. The demand for beam-time is consistently increasing: 
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we have received applications for almost 100 projects for 
protein crystallography alone during 1989. In this situation 
we reserve a proportion of beam-time for new projects which 
require urgent attention. 

In 1990 DORIS will only function for a period of 4 months 
approximately from March to June. There will then be a 
major shut down until the first half of 1991 while the DORIS 
"by-pass" is constructed. EMBL will construct one beamline 
on this by-pass (see below) taking radiation from a multipole 
wiggler with a substantial gain in intensity over the present 
lines. At the same time lines X11 and X31 will be turned 
round to take radiation generated by the electron beam, 
allowing their use in both main-user and parasitic modes. 

Instrumentation and development 

Imaging plate scanner development 
(J. Hendrix & A. Lentfer) 

The imaging plate scanner, a detection system for protein 
crystallography which was designed, developed and built 
in-house during 1988, has been a major success. The 
device is so reliable that it has been in use on one or 
other of the protein crystallography beamlines, practically 
without interruption, over the whole beam periods of 1989. 
Well over 20,000 images have been collected without any 
major technical problem. With this instrument the Outstation 
is the first synchrotron radiation laboratory which possesses 
a detection system which can cope with the high count-
ing rates on our most intense crystallography beamline. 
Our imaging plate scanner also proved to be superior to 
similar commercially available systems presently available. 
To recapitulate, imaging plates are stimulatable phosphors 
which can store incident x-ray intensities as latent images 
over time periods of several hours (see Research Report 
1988). The images can be read out by scanning the plates 
with stimulating red He-Ne laser light. The resulting blue 
luminescence is proportional to the intensity of the stored 
x-ray pattern. Because of the high detection efficiency of 
the imaging plate at shorter wavelengths - unlike photo-
graphic film or gas-filled detectors - almost all of the data 
have been collected with radiation of wavelength around 
1 A. As a result, the absorption of radiation in the protein 
crystals becomes negligible. This not only makes absorption 
corrections obsolete, but also reduces radiation damage to 
the crystal drastically. Typically, a complete data set can 
be taken from a single crystal. The imaging plate scanner 
is incorporated into our crystallography beam line systems 
in such a way that complete data sets can be collected 
fully automatically, while the crystallographer processes the 
already collected data practically on-line. The ease of data 
collection has made the initial discussions about the 2 
112 minute scanning time obsolete. The long waiting list 
of guests applying for beam-time made the need for a 
second scanner clear. The instrumentation group has now 
almost completed the construction of an improved version 
of our imaging plate scanner. The sensitive area of this new 
version will be slightly smaller (180 mm diameter instead 
of 220 mm), but the pixel size will be 150 J.Lm2 instead of 
180 J.Lm2. This gives a number of pixels of 1186 x 1186, as 
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for the present scanner. This system will be operational by 
March 1990, and both crystallography beam lines will have 
a scanner for data collection. 

A major improvement will be the shorter read-out and era-
sure cycle time of 1 112 minutes instead of 2 1/2 minutes. 
The accuracy of the collected data will be increased by the 
use of a more elaborate scanning motor speed controller 
and an improved signal integration system with a much 
wider dynamic range. 

A second scanner is being built simultaneously for our 
colleagues of the MRC-Cambridge as a collaboration in ex-
change for software development. The imaging plate scan-
ning devices provide the Outstation with an ideal detection 
system for Laue crystallography because of the large dy-
namic range combined with the excellent spatial resolution 
and the high sensitivity to short wavelength radiation. Test 
patterns have already been taken and are presently being 
analysed. Imaging plate systems also provide us with the 
only acceptable detection systems for protein crystallogra-
phy with the wiggler beamline which is described in the next 
section. 

Design of the by-pass beam lines 
(J. Hendrix, A. Lentfer, J. Pijpelink & C. Hermes) 

The major changes which will take place during the long 
reconstruction phase of the DORIS-ring in 1990 - 1991, are 
shown in Plate 43: 

(1) A new wiggler beam line (No. 7 in Plate 43) will be 
installed for EMBL. 

(2) Our present beamlines X11, X12 and X13, which now 
take radiation from the positron beam and point into 
the direction of the electrons in the storage ring, will 
be turned around to take radiation from the electrons 
and be sited in the new building. This makes space 
available in our present experimental hall for the new 
HASYLAB beam lines No.4, 5 and 6. Our beamlines 
will then receive radiation during the whole operating 
periods of the storage ring resulting in a substantial 
increase in the available beam-time. 

(3) The staff of the Outstation would like to make use 
of the opportunity to reconfigure the set-up of all the 
EMBL beamlines into a single laboratory within the new 
experimental hall, whicl-l will be constructed adjacent 
to our building. The proposal is to install one or two 
beam lines on the bending magnet, next to the set 
X11, X12 and X13 (see Plate 43). In exchange we 
would give up the space for our beam lines in the 
present HASYLAB experimental hall for other experi-
ments. As a result, EMBL would operate a single set-up 
with four bending magnet beam lines and one wiggler 
line. 

The scientific reason for moving our beam lines is that 
because of geometrical constraints in the present HA-
SYLAB, only a 1:1 imaging of the rather large source 
size at the DORIS ring is possible. This means that 
most of the intensity does not hit our typically small 
biological samples (protein crystals, biological fibres). 
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The instrumentation group is presently planning and de-
signing the components for the by-pass beam lines. The 
wiggler line will have to be shared by several experiments 
on the basis of the need for higher intensities for particular 
measurements. The overall flux, which will be produced by 
the wiggler, is plotted in Plate 44, as calculated by P. Gurtler 
and J. Pfluger from HASYLAB. The comparison with the 
intensity of the projected ESRF-wiggler is of interest. The 
fluxes are comparable in the energy range of interest. With 
appropriate demagnifying optics, the disadvantage of the 
larger source size at DORIS can be compensated to a large 
extent. 

Design considerations for the EMBL wiggler beamline 

A study has been made for the design of the components 
of the wiggler beamline, which will be built during 1990 and 
1991 at DORIS-3. The critical energy of the x-rays is 13.6 
keV. The ring is planned to operate at a maximum electron 
current of 200 mA, in which case the power delivered by 
the wiggler equals 10.5 kW, with opening angles (fwhm) in 
x- and y-direction of 0.5 mrad and 3.0 mrad, respectively. 
Due to this high power, the heat load on the beam line 
components will be high, and it is clear that the cooling of the 
optical components has to be studied carefully. A schematic 
overview of the components is shown in Plate 45. 
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PLATE 45 

The components proposed for the EMBL wiggler beam line. 
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The beam stopper has to absorb all photons when the 
beamline is not used. It is mainly made of copper. To absorb 
photons with high energy, which are not absorbed by the 
copper, a piece of tungsten is mounted on the back of 
the beam stopper. The front plate of the device is very 
thin, and will be water cooled from the back. If the beam 
stopper is at a distance of 15 meters from the source of 
the radiation, and the angle of incidence is 10 degrees, the 
incident power density in the centre of the beam is still 18 
W/mm2• 

The fast closing valve and fast closing shutter protect the 
ring vacuum in case of vacuum failure in the beam line, and 
failure of the windows and foils. The shutter will close within 
10 ms, but leaves a small leak. The valve is leak tight. Both 
valve and shutter are commercially available. 

Carbon foils and beryllium windows have several functions: 
separation of ring vacuum from beamline vacuum during 
operation, absorption of photons with long wavelength, 
which are not used for experiments, and they are part of 
beam position monitors. Because the distance between a 
beryllium window and the fast closing shutter has to be at 
least about 10 meters, the first windows are carbon foils. 
By absorbing the photons having wavelengths larger than 
3 A, the heat load on the optical components is reduced. 
Beam position monitors make use of the photo-electrical 
effect in the carbon or beryllium: liberated electrons are 
accelerated towards electrodes, coupled to a high voltage 
power supply and sensitive amplifiers. By means of the 
beam position monitors, the beam line or the components 
are adjusted with respect to the beam. Both carbon foils 
and beryllium windows will be water cooled. The cooling 
channels are along the edge of the window, as close as 
possible to each other. The 0.1 mm thick carbon foils also 
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lose heat by radiation. If the first beryllium window, with 
thickness 0.4 mm, is just outside the wall of the ring, at 
a distance of 24 meters from the source, the absorbed 
power density is 1.2 W/mm2 in the central part of the 
window. 

A flat SiC mirror is placed in the beam line, under an angle 
of 1.5 mrad, to cut off photons with wavelength smaller than 
0.5 A. This again reduces the heat load on the monochro-
mator, and reduces the background. If a one meter long 
mirror is in the beamline at a distance of 18.5 meters from 
the source, 47% of all photons with a wavelength of 1 A are 
incident on the mirror. The absorbed power density, in the 
centre of the beam, is about 2.6x10·2 W/mm2• 

The most important optical element is the monochromator, 
which is a two crystal, fixed exit monochromator. The first 
crystal has to be cooled; to keep the temperature difference 
across the crystal as low as possible, it will be a thin crystal, 
coupled to the cooling A cooling system based 
on the so called "heat pipe" principle is presently being 
studied and will probably be adopted. If the monochro-
mator is at a distance of 25 meters from the source, the 
maximum absorbed power density equals 6 W/mm2 . This 
reduces to 4.1 W/mm2 if the distance is increased to 30 
meters. 

The optical systems which are planned for the wiggler 
beamline are shown in Plate 45. A single flat SiC mir-
ror is foreseen in the direct beam as a cut-off filter for 
shorter wavelengths. This is of importance since imaging 
plates, which are quite sensitive to hard radiation, will be 
used in Laue measurements on this beamline. In addition, 
some of the heat-load is taken off the following optical 
elements. 



We foresee a classical optical system with a double flat 
monochromator and a toroidal focusing mirror. This system 
will serve both crystallography and EXAFS experiments. 
The design of the monochromator is a real challenge since 
about 1600 Watts are absorbed in this optical element. 
A bent monochromator (Plate 45.) deflects and focuses 
the beam onto the line which will be used mainly by 
small-angle scattering and diffraction time resolved exper-
iments. 

The vertical focusing is carried out by a long continuously 
bent mirror. This set-up is very similar to the present X13 
and X33 beam lines. The deflection of the beam out of the 
straight direction has the advantage that the experiments 
are completely separated. This allows maximum use of the 
high intensity wiggler beam. The fan of radiation produced 
by the wiggler is only 3 mrad wide, or 75 mm at 25 metres. 
This fan can either be split over the two experimental 
stations, or the total beam can be switched from one to the 
other. Which of the two solutions will be more favourable 
depends on the technical complexity and needs a more 
detailed study. 

The beamlines X11, X12 and X13 will just be moved over 
from the present experimental hall. Only minor adaptations 
of the vacuum system will be carried out initially. Later on, 
the presently segmented focusing mirrors will be replaced 
by continuous ones. The additional beam line on the bending 
magnet is still subject to discussions with HASYLAB. For this 
reason a detailed plan has not yet been worked out. 

Scanner control/er and data-read-out 
(G. Nicolae & B. Robrahn) 

The initial design of the scanner-controller and data-read-
out system has been improved to meet more sophisti-
cated requirements of the new generation of these de-
vices. The real-time logic for controlling the scanning res-
olution has been redesigned for higher accuracy. The dig-
ital control of the rotational speed of the imaging-plate 
has been replaced with a high-resolution DAC-Subsystem, 
which allows a more precise approximation of the time-
equidistant pixels. A longer FIFO-buffer for the digitized 
data and a new block-oriented host interface make the 
data-read-out easier and faster. The new controller inte-
grates the logic for the programmable cP-angle-motor, which 
is used for the crystal rotation and exposure control. The 
digital interface to the mechanical part of the scanner 
now contains more feedback-loops for complete detection 
of possible errors in mechanical components. The con-
troller resident hardware and software has been further 
developed to include the new features of the controller. 
The implementation of the new controller module using 
highly integrated EPDL-components is now in the testing 
phase. 

Scanner software (M. Boehm) 

Several new versions of the software for the scanner system 
(called SCRAP : Scanner Control, Readout and Analysis 
Program) have been developed during the last year. The 
most important of these improvements are listed below. 

(1) To allow the automatic collection of sequences of im-
ages the scanner control was synchronized with the 
exposure control of the beam line. The large amounts 
of data (up to 1 MB/sec) are now backed up on Smm 
video cassettes each of which has the capacity of 20 
conventional tape reels. 

(2) The quality of the data was improved by the implemen-
tation of a fast transformation algorithm based on a 3*3 
interpolation kernel instead of the previously used 1 *1 
kernel (nearest neighbour). The transformation time on 
a VAXstation 3200 could be made shorter than the 
mechanical cycle time of the scanner and was therefore 
no longer a bottle-neck in continuous data collection. 
The h1 transform is now used only for the visual 
inspection of the data. 

(3) A redesign of several modules gave an increase in the 
performance of the program and reduced the mem-
ory requirements significantly. The user interface was 
modified to meet the needs of routine use and several 
graphical features were added, for example to display 
resolution rings and to estimate cell dimensions. 

Computing (M. B6hm, P. Bendall & S. McLaughlin) 

During the year the computer group maintained the hard-
ware, software and networking installations in the Outsta-
tion. The continuous data stream from the image plate sys-
tem increased the demands for computing power and data 
storage significantly but the concept of an ethernet-based 
cluster of workstations made the necessary extensions quite 
easy. Further extension of CPU power and disc space will 
follow the introduction of a second image plate scanner in 
1990. 

EXAFS (C. Hermes, H.-F. Nolting & P. Loeffen) 

During the last year's EXAFS experiments on very dilute 
metalloprotein samples it became obvious that the quality 
of spectra was hampered by the occurrence of "glitches". 
The physical origin of these artifacts is a modification of the 
beam intensity by the presence of one or more secondary 
reflections satisfying Bragg's Law simultaneously. Sample 
inhomogeneities (e.g. in frozen solutions) and non-linearities 
in the detection system may result in serious distortions of 
an x-ray absorption spectrum. 

A computer program was developed that allows prediction of 
the occurrence of glitches as a function of monochromator 
orientation. For a given absorption edge it is possible to 
choose a specific orientation which minimizes the effect of 
glitches in the interesting energy range. 

Experimental projects 

In collaboration with the University of Marburg (D. Heese, 
K.H. R6hm & F. Schneider) a new project on hog kidney 
aminoacylase was started. Aminoacylase is a dimeric Zn2+ 
enzyme (subunit MW: 46,000) present in large amounts 
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in porcine and human kidney. Both its kinetic properties 
and its catalytic mechanism differ from those of other 
well-characterized Zn2+ -dependent amidases. The essential 
Zn2+ ion is easily exchanged by C02+, Mn2+, Nj2+ or Cd2+ 
with retention of the catalytic activity. As the enzyme has not 
yet been crystallized XAS measurements were performed to 
investigate the ligation of the divalent cations in the active 
site. 

The Zn2+ environment in the native enzyme was investi-
gated in both a Iyophylized sample and in a frozen solution. 
Furthermore, data were collected on a Iyophylized sample 
of the C02+ substituted form. Preliminary data analysis in-
dicates the presence of light scatterers (N/O) in the first 
coordination sphere in a symmetry which is lower than 
octahedral. There is no clear evidence for sulphur ligation, 
but the first coordination sphere seems to be split by more 
than 0.1 A. Measurements on a complex of the enzyme with 
an inhibitor which is known to affect the conformation of the 
active site have not yet been successful. 

Another new project (A. Sawaryn, H. Winkler & A.X. 
Trautwein (Medical University LObeck) and B. Matzanke 
(University of TObingen» is concerned with the understand-
ing of the interaction of iron with anthracyclines. Fe3+ com-
plexes of anthracyclines have evoked interest because of 
their ability to modify the structure and function of nu-
cleic acids and because they are less cardiotoxic than the 
metal-free drug. First measurements on an iron complex 
with daunomycin were performed. The EXAFS is dominated 
by oxygen ligands (sixfold coordination, average distance 
1.94 A). As already indicated by Mossbauer and EPR stud-
ies, a second peak in the Fourier transform at 2.8 A could 
be due to Fe-Fe interactions i.e. the formation of oligomeric 
or polymeric complexes. 

Further investigations have been carried out on the iron and 
nickel coordination sites of the hydrogenases from Alcali-
genes eutrophus both as the cytoplasmic (soluble) and the 
membrane-bound (insoluble) systems as well as the soluble 
hydrogenase from Nocardia opaca. These enzymes work 
as catalysts for the reduction of W to molecular hydrogen 
or for the oxidation of H2 to protons. Depending on the 
species they contain a variable number of nickel centres 
and of iron-sulphur clusters. X-ray absorption data were 
recorded both on the Ni K- and Fe K-edges on frozen 
solutions of the three different enzyme species mentioned 
above. Preliminary evaluation of the Ni K-edge data from 
Nocardia opaca shows no clear evidence for sulphur liga-
tion whereas the presence of oxygen and nitrogen in the 
first coordination shell could be established. The EXAFS 
parameters derived from the Fe edge measurements (4 S 
at 2.24A, 2 Fe at 2.70A are typical for Fe-S clusters and 
in good agreement with previously published results from a 
different hydrogenase species (A. Sawaryn, A.x. Trautwein 
& H. Winkler (Medical University LObeck); M. Kockerling, G. 
Henkel (University of Duisburg); B. Lorenz, H.-G. Schlegel 
& C. Zaborosch (University of Gottingen); K. Schneider 
(University of Bielefeld». 

Supplementary studies on a series of chemically simple 
nickel compounds of precisely known three-dimensional 
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structure were performed (G. Henkel & M. Kockerling (Uni-
versity of Duisburg); B. Krebs, S. Priggemeyer & A. Rompel 
(University of MOnster». 

Carbonic anhydrase (CA) is of fundamental biological impor-
tance since it catalyzes the hydration-dehydration reaction 
of C02. Local changes near the Zn2+ binding site as a 
function of pH (which changes the catalytic activity) are still 
a subject of discussion. A series of measurements on native 
bovine CA samples covering the pH range from 6.0 to 8.0 
has been carried out. In contrast to prior investigations we 
find no clear differences in the EXAFS spectra as a function 
of pH (with R.F. Pettifer, University of Warwick). 

The investigations on soybean Iipoxygenase-1 (L.H. v.d. 
Heijdt, G.A. Veld ink, J.F.G. Vliegenthart (University of 
Utrecht); M.C. Feiters (University of Nijmegen» were contin-
ued. Measurements on Iyophylized native enzyme and the 
yellow enzyme in frozen solution completed the set of data 
taken previously. Furthermore, an inhibitor complex (yellow 
lipoxygenase with 4-nitrocatechole) was examined in frozen 
solution. 

The purple acid phosphatases from red kidney beans (VP1) 
and from beef spleen (VP2) catalyze the hydrolysis of acti-
vated phosphoric acid monoesters. The enzymes contain a 
heteronuclear Fe3+ -Zn2+ (VP1) and a homonuclear di-iron 
centre (VP2), respectively. Data were recorded at the Fe 
K-edge from VP1 (native and in the presence of phosphate 
at different pH values) and from VP2 (oxidized form in the 
presence of nitrate, arsenate and tungstate, respectively). 
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The changes near the Zn site induced by phosphate in VP1 
are clearly visible in Plate 46. The coordination number 
of the Zn atom is changed from 5 to 6 upon addition of 
phosphate (intensity and position of the first shell peak). 
The differences observed in the higher shell contributions 
can be attributed to either changes in the Zn-Fe distance, 
the presence of additional phosphorus or to deviating mul-
tiple scattering pathways from histidine ligands (P. Eggers-
Borkenstein, S. Priggemeyer, A. Rompel, B. Krebs (Univer-
sity of MOnster); M. Kockerling & G. Henkel (University of 
Duisburg); M. Korner, M. Dietrich & H. Witzel (University of 
MOnster)). 

Complementary to the studies on purple acid phosphatases 
a number of binuclear model compounds were investigated 
(P. Eggers-Borkenstein, S. Priggemeyer, A. Rompel, B. 
Krebs (University of MOnster); M. Kockerling & G. Henkel 
(University of Duisburg)). The series included homonuclear 
di-iron and di-zinc complexes as well as heteronuclear Fe-
Zn compounds. Particular emphasis was put on the varia-
tion in metal-metal distances as a function of the different 
bridging anions and of ligands. The analysis of the EXAFS 
spectra of these compounds should help in a more definite 
interpretation of the higher shell contributions in the VP 
spectra. 

The characterization of the cobalt binding sites in xylose 
isomerase (XI) from Streptomyces a/bus was completed 
(with C. Sudfeldt, H. Witzel, S. Priggemeyer & B. Krebs 
(University of MOnster) and G. Henkel (University of Duis-
burg)). EXAFS measurements were carried out on samples 
containing 4, 8 and 12 C02+ per tetramer. The contributions 
from the individual binding sites were separated by applying 
difference techniques. In the tight binding site (B-site) cobalt 
is coordinated almost perfectly octahedral, whereas the 
Co environment in the weak binding site (A-site) is more 
distorted. From the results of the 12 C02+ sample it became 
evident that there are only two distinct C02+ binding sites 
in XI. Furthermore, substrate (xylose) and inhibitor (xylitol) 
complexes of partially (4 C02+) and fully (8 C02+) loaded XI 
were investigated; data analysis of these measurements is 
still in progress. 

Several experimental problems had to be solved to get 
data from a Cd substituted form of XI as well as of some 
Cd-containing model compounds. This feasibility study will 
allow characterization of both binding sites simultaneously 
when they are occupied by different metal ions (Le. C02+, 
Cd2+) without resorting to difference techniques. 

Comparative studies on xylose isomerase from Athrobacter, 
a closely related enzyme, were started in collaboration with 
C.A. Collyer & D.M. Blow (Imperial College, London). 

The Zn environment in inorganic deposits present in the 
wall of human aorta was studied by x-ray absorption spec-
troscopy (E. Rokita, Jagellonian University of Cracow). Data 
were obtained from delipidized material as well as from 
samples incinerated in an Ar atmosphere. The interatomic 
distances and coordination numbers obtained indicate that 
Zn atoms may occupy selected calcium positions in the 
octacalcium phosphate crystal lattice. 

The dodecapeptide bacitracin requires the presence of diva-
lent metal ions for its antibiotic activity. It is well established 
that bacitracin binds divalent cations such as Zn, Cu, Ni and 
Co in a stoichiometric 1:1 complex. Since previous reports 
on metal binding properties are conflicting we carried out 
XAS measurements on powder samples of the Zn2+ -, Ni2+-
and C02+ -bacitracin complexes (in-house collaboration with 
S. Pfeffer, G. Lange & C. Betzel). From the analysis of the 
XANES and EXAFS data we conclude that Co and Ni bind 
to bacitracin in a similar manner (sixfold coordination by 
N/O from histidine and carboxylates), whereas Zn binds in a 
different way (fourfold coordination including the thiazoline 
S). 

Non-crystalline systems (M.H.J. Koch, Z. Sayers, 
P. Sicre & P. Brouillon) 

A large quadrant detector, built by Andre Gabriel and 
Franc;ois Dauvergne (EMBL, Grenoble), was installed and 
used throughout the year in conjunction with the interface 
built by Christian Boulin (EMBL, Heidelberg). Plate 47 il-
lustrates the range of scattering vectors and the resolution 
obtained with this detector. This also released the small 
quadrant detector for installation on X13. The PC data 
acquisition system was used for data collection with the 
linear and quadrant detector. Adaptation of a similar system 
to a MicroVAX has been started in collaboration with F. 
Golding (Manchester). The data evaluation programs for the 
PC have been distributed to several groups. 

Solubility and condensation properties of chromatin 

In vitro, compaction of chromatin at increasing ionic strength 
is accompanied by precipitation at salt concentrations well 
below physiological ones. It was shown recently (Buche et 
al., 1989) that in the nuclei of many cells there are large 
concentrations of free amino-acids (glycine). The solubility 
and condensation properties of chromatin in buffers contain-
ing amino-acids were investigated by solution scattering. It 
was shown that chicken erythrocyte chromatin remains in 
solution at salt concentrations up to 200 mM NaCI in the 
presence of uncharged amino-acids (glycine and proline) 
although compaction is complete at about 80 mM NaCI. In 
contrast, the positively charged lysine interferes with com-
paction. The study of the effect of intercalators like dauno-
mycin and actinomycin on the salt-induced compaction of 
chromatin was completed. 

Using a Kerr cell with a short path length, dependence of 
the electric linear dichroism (ELD) of chicken erythrocyte 
chromatin on NaCI concentration was measured (in col-
laboration with R. Marquet and C. Houssier, University of 
Liege). In contrast with the results of some other groups, 
the ELD was found to be small and positive above 3 mM 
NaCI as predicted by our previous calculations. A detailed 
analysis of the changes in ELD and relaxation times has 
been submitted for publication. The measurements obtained 
last year in collaboration with P.E. Nielsen (University of 
Copenhagen) on chromatin from Ehrlich ascites were re-
peated and confirmed the dependence of the diameter of 
condensed chromatin on the linker length. 
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Electric field x-ray scattering on DNA 

The potential of electric field x-ray scattering was further 
investigated using DNA from various sources. Orientation 
could be achieved using solutions with a concentration of 
1-2 mg/ml. The observed relaxation times correspond to 
those obtained with polarized light. They are considerably 
longer than those obtained in very dilute solution and this 
is usually considered to result from "aggregation". Static 
measurements of DNA solutions (1-7 mg DNA/ml) at very 
low ionic strength indicated that this phenomenon is in fact 
due to ordering of the solutions arising from the strong 
repulsive forces between charged DNA molecules. This 
results in the appearance of very clear interference maxima 
which vanish upon addition of salt. A detailed analysis of the 
results is in progress. 

Purification of yeast metallothionein 

Work was started on the purification of Cu-metallothionein 
from yeast, a protein for which there is a controversy con-
cerning, among others, the geometry of the metal cen-
tres. A copper resistant strain of Saccharomyces cere-
visiae which overproduces the protein is being used. This 
protein is classified as a metallothionein because of its 
low molecular weight (6 kOa), high cysteine content (30% 
of total amino-acids) and copper binding through metal-
thiolate clusters. Purification procedures are based on ion 
exchange and gel filtration chromatography and the protein 
is assayed by Cu-determination using atomic absorption 
spectroscopy and amino-acid analysis. We have identi-
fied the copper containing fractions of both the ion ex-
change and the subsequent gel filtration columns. Fur-
ther purification is being tried using an isoelectric focus-
ing column in conjunction with an FPLC system. Meth-
ods to assay the degree of purity still have to be devel-
oped. 
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Scattering pattern of dry cornea illustrating the strong 6th, 9th 
and 11 th orders of the 66 nm repeat used for calibration of 
the camera. 
Scattering pattern of a solution (17 mg/ml) of microtubules 
(courtesy of E. Mandelkow) recorded in 180s using the quad-
rant detector. 
Scattering pattern of the solvent buffer. 
Response of the detector obtained by homogeneous irradi-
ation with a radioactive source. Note the influence of the 
detector geometry on the response . 
Final scattering pattern obtained after subtraction of the buffer 
scattering and correction for the detector response. 

Channel .. 

Visiting groups 

X-ray solution scattering study of the cofactor 
and activator induced structural changes in yeast 
pyruvate decarboxylase (POe) {G. Huebner, 
S. Koenig, A. Schellenberger (Biotechnikum, 
Martin-Luther University, Halle/S.) & M.H.J. Koch) 

Pyruvate decarboxylase is an enzyme that catalyzes the 
decarboxylation of 2-oxoacids to the corresponding alde-
hydes. The enzyme extracted from yeast is a tetramer 
(Sieber et al., 1983) which is activated by its substrate. In 
physiological conditions around pH 6.0 the two cofactors 
TPP (Thiamine pyrophosphate) and Mg2+ are bound in a 
quasi-irreversible manner. At pH values above 7.0 these 
cofactors are released and an apoenzyme is formed. Pre-
vious studies suggested that simultaneously the tetrameric 
enzyme dissociates into two dime ric halves. The structural 
changes during dissociation and recombination were inves-
tigated by x-ray solution scattering. Release of TPP and 
Mg2+ from holo-PDC was initiated by a change of pH from 
6.2 to 8.0. The kinetics of this process can be monitored by 
the decrease in activity which is paralleled by a reduction of 
50% of the forward scattering and of the radius of gyration by 
about 0.5 nm which occur at the same rate. The reduction of 
the forward scattering gives a direct proof of the dissociation 
of the holoenzyme into two dimeric halves. 

Association of proteins from thin filaments of striated 
muscle (C. Weigt, A. Wegner (Ruhr-Universitat 
Bochum) & M.H.J. Koch) 

X-ray stopped-flow experiments were performed to deter-
mine the rate of binding of tropomyosin to actin filaments. 
Under the conditions used (20 I'M actin, 3 I'M tropomyosin) 
the reaction half- time is about 10 ms. The x-ray experiments 
are being complemented with fluorescence stopped-flow 
measurements at lower concentrations. 



Association of troponin from cardiac muscle 
(K. Jaquet (Institute of Physiol. Chemistry, 
Ruhr-UniversiHit Bochum) & M.H.J. Koch) 

The association of troponin was studied as a function of 
Mg2+ concentration. No significant of the scattering 
were found upon addition of Ca2+ or Mg +. The radius of gy-
ration was found to be 4.23 nm for Ca2+ IMg2+ -free troponin, 
4.44 nm for Mg2+ saturated troponin, 4.13 nm for Ca2+ /Mg2+ 
saturated troponin and 4.0 for Ca2+ -saturated troponin. The 
elongated conformation of the molecule is conserved. Using 
lysozyme as a standard it was shown that both Mg2+ -free 
and Mg2+ -saturated troponin are monomeric. The scattering 
of cardiac troponin at higher phosphate concentrations dou-
bles upon increasing the Mg2+ concentration from 0.1 to 2 
mM indicating association of the protein. It is possible that 
this association depends on the degree of phosphorylation. 
This can, in principle, be verified by measurements on fully 
phosphorylated and dephosphorylated protein. The physio-
logical relevance of these findings depends on whether as-
sociation also takes place in the complex with tropomyosin 
and in reconstituted thin filaments. 

Structural polymorphism of free lipid A 
(K. Brandenburg, U. Seydel (Forschungsinstitut 
Borstel) & M.H.J. Koch) 

Lipopolysaccharides (LPS) - the major amphiphilic compo-
nents of the outer membrane of gram-negative bacteria -
induce a variety of effects in mammals. It was shown that 
the lipid moiety of LPD - called lipid A - is required for 
activity. Lipid A forms a variety of supramolecular aggre-
gates in aqueous solutions which range in structure from 
lamellar over cubic to hexagonal (Hu) phases. The structure 
depends on the chemical composition as well as on ambient 
conditions (e.g. water content, concentrations of divalent 
cations) and on the state of the hydrocarbon moiety (gel or 
liquid crystalline). The results obtained by x-ray scattering, 
which are complemented by IR and DSC measurements, 
can be summarized as follows: 

In the range up to 37°C the lipid preparations adopt 
structures which are the superposition of a lamellar and 
an inverted cubic structure. 
At temperatures around the chain melting temperature 
(45°C) an even more complex superposition of lamellar 
and non-lamellar phases, including Hu, is observed. 
Between 60 and 70°C the Hu phase is adopted at all 
water concentrations and lipid:Mg2+ ratios. 
At higher Mg2+ amounts the lamellar phase is favoured 
at lower and the Hu phase at higher temperatures. 

Phospholipid lamellae as cholesterol carriers in 
model systems of bile (G.J. Semjen and T. Gilat 
(Dept. Gastroenterology, Ichilov Hospital, 
Tel Aviv), E. Wachtel (Dept. of Polymer Res., 
The Weizmann Institute of Science, Rehovot) & 
M.H.J. Koch) 

The mode of cholesterol solubilisation in bile is of impor-
tance in the pathogenesis of cholesterol gallstones which 
are found in 10% of the adult population. The study of 

gallbladder bile, which is a highly concentrated lipid solu-
tion, may give insight into some unique phenomena in the 
aggregation of lipids in concentrated detergent solutions. 
According to the quaternary phase diagram of cholesterol, 
lecithin and bile salts in water, mixed phospholipid and 
bile salts were considered to be the main cholesterol sol-
ubilisers in this biliary model system. Using quasi-elastic 
light scattering and freeze fracture electron microscopy 
a monodisperse population of vesicles was found in bile 
(Semjen et al., 1986). This finding was confirmed by other 
groups. The x-ray scattering experiments were performed 
in parallel with chromatographic analysis on model sys-
tems containing Na-taurocholate, egg phosphatidylcholine 
and cholesterol. Model systems rich in phospholipids and 
poor in bile salts gave rise to a broad scattering maxi-
mum at 4-5 nm. In the presence of cholesterol a stack-
ing of lamellae was observed, the inter-lamellar distances 
being 8 to 9 nm depending on the hydration and rela-
tive cholesterol concentration. The distribution of choles-
terol among vesicles, lamellae and mixed micelles is of 
major interest in native bile and in model lipid systems. 
Gel filtration of the model systems on Sephacryl S-300 
eluted with 10 mM Na-cholate in the buffer separated three 
different lipid aggregates. The third peak is due to the main 
cholesterol solubilising component, the structure of which 
is unknown. X-ray scattering from this separated fraction 
showed a minimum at 6.7 nm and a maximum at 4 nm, 
in agreement with a model rich in phospholipids and poor 
in bile salts. Such a mixture has been postulated to form 
disk-like structures. The results will help, in conjunction 
with modelling, to clarify the understanding of the distri-
bution of cholesterol among vesicles, lamellae and mixed 
micelles. 

Structural studies on collagen (A. Bigi and 
N. Roveri (Dip. Chimica G. Ciamician, 
University of Bologna) & M.H.J. Koch) 

Anterior human ligaments affected by a pathological calci-
fication were examined in wet or air-dried conditions. The 
results showed that in this tissue the collagen fibrils, which 
display a "helicoidal" morphology in electron microscopy, 
have a shorter D-spacing than that characteristic of the 
collagen fibrils from tendon and bone. The structural rela-
tionship between the inorganic deposits, however, closely 
resembles that previously observed in bone. The mean 
height of the mineral blocks laid down along the colla-
gen fibrils is even higher tllan in bone and masks any 
electron density fluctuations due to the organic matrix. 
Further, data were collected on structural modifications of 
wet tendon collagen upon heating. Rat tail tendon colla-
gen fibres were inserted in a sample holder connected 
to a KH-R (Anton Paar, Graz) constant temperature de-
vice. Single collagen fibres were examined successively 
at different temperatures between 25°C and 90°C. The 
analysis of the results will allow the study of the structural 
modifications of collagen molecular packing upon shrink-
age. 

Structural analysis of Osteogenesis Imperfecta (D.I.) 
collagen (E. Knorzer, W. Folkhard, W. Geercken, 
E. Mosler, Th. Nemetschek (Pathology Institute, 
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Heidelberg University), P.K. MOiler (Institute 
for Medical Molecular Biology, University of LObeck) 
& M.H.J. Koch) 

The basis of 0.1. lies in a genetic modification of collagen 
which results in mechanical failure of hard tissues. The ratio 
of the intensities of the first and third order (11113) in the 
meridional diffraction patterns of skin samples from 0.1. pa-
tients is reduced compared to normal samples. Biochemical 
analysis indicates a normal composition of type I triple he-
lices so that the cause of the difference must lie elsewhere. 
It was shown earlier that the reduction of the first order is 
associated with a partial filling of the gap. Model calculations 
indicate, however, that additional electron density in certain 
domains (Le. not only in the gap) suffices to explain the 
observed differences. It was found that the additional density 
is due to bound oligosaccharides and glycosaminoglycans 
resulting from a disturbance of the posttranslational events. 
When these are removed using elastase and hyaluronidase 
the intensity of the first order increases. 

The asymmetric molecular process during mechanical 
loading and unloading of native rat tail tendon 
(W. Folkhard, E. Mosler, E. Knorzer, W. Geercken, 
Th. Nemetschek (Pathology Institute, Heidelberg 
University) & M.H.J. Koch) 

The elongation of collagen fibrils is linked to an overall 
increase in length of the molecules resulting in an increase 
of the repeat length without change in intensity and with a 
relative shift of the molecules resulting in an increase of the 
repeat length with a change in the intensity of the reflections. 
Using the repeat length as a measure of the elongation 
it could be shown that during loading the molecules first 
increase in length before sliding sets in. During unload-
ing the two mechanisms occur simultaneously in opposite 
directions. Identical repeat lengths thus correspond to a 
different relative shift of the molecules depending on the 
dynamic state of the fibre. The fact that the rate of change 
of the force during loading is lower than during unloading 
results from the viscoelastic properties of tendons which 
dissipate energy as heat during elongation. The asymmetric 
molecular process results probably from the low degree of 
cross-linking of rat tail tendon fibres. Chemical cross-linking 
results in a symmetric process at the molecular level as 
shown earlier. The intermolecular cross-links act like springs 
which rapidly bring back the molecules in their original 
position. 

Time-resolved x-ray studies on structural changes 
in bacteriorhodopsin during the photocycle 
(M.H.J. Koch & G. Rapp (EMBL), J. Soppa & 
D. Oesterhelt (MPI fOr Biochemie, Martinsried), 
K.S. Bartels, N.A. Dencher & G. Bueldt 
(FB PhysikiBiophysik, Freie Universitat Berlin) 

Bacteriorhodopsin (BR) is an integral membrane protein of 
Halobacterium halobium which pumps protons out of the 
cell using the energy of light. It contains the chromophore 
retinal, which is connected via a Schiff's base to Lysine 260. 
In the ground state of the photocycle, the Schiff's base link 
is protonated and positively charged. The trans-cis isomeri-

164 

sation of the retinal plays a central role both in the function 
and the architecture of BR. Neutron diffraction studies on 
purple membranes at low temperatures in H20 and D20 
(Dencher et al., 1989) have shown that illumination results 
in fully reversible conformational changes of the protein; 
movements of amino-acid side chains or of 3 or 4 helices in 
the neighbourhood of both ends of the retinal. Such neutron 
diffraction experiments take at least two days to obtain suf-
ficient precision. In addition two rather unnatural conditions 
have to be applied: 2 M guanidine hydrochloride is used 
to slow down the relaxation of the illuminated (bleached) 
M-state back to the (purple) ground state (BR-568) and the 
molecules are then trapped in the M-state by rapid cooling 
to liquid nitrogen temperature. The ultimate aim of the syn-
chrotron radiation experiments is to observe the unretarded 
natural time course of the transition under normal conditions. 
Various experimental approaches were successfully applied 
to different purple membrane samples during a short period 
of beam time in November: 

(1) static diffraction from guanidine.HCI treated (Le. re-
tarded) purple membranes with and without illumina-
tion, 

(2) time-resolved diffraction from the same samples as 
above after flash excitation, 

(3) static and time-resolved diffraction of BR from mutants 
with M-state lifetimes about 100 times longer than 
native BR. 

A detailed analysis of the time course of the observed 
changes is in progress. 

Phospholipid phase transitions: pathways, inter-
mediates and kinetics (P. Laggner, M. Kriechbaum, 
(Institut fOr Rontgenfeinstrukturforschung, 
Austrian Academy of Sciences), G. Rapp 
& J. Hendrix (EMBL)) 

Until recently, there existed a wide gap between the informa-
tion available on conformational dynamics of phospholipids, 
coming essentially from various spectroscopic methods, and 
the knowledge on static structure from x-ray and neutron 
diffraction. This was due to the extremely different time-
windows of the techniques. With the advent of synchrotron 
radiation x-ray sources, which surpass the brilliance of con-
ventional sources by many orders of magnitude, however, it 
became feasible to expand the range of diffraction methods 
towards time-resolutions of milliseconds and below. Thus, 
in recent years the investigation of phospholipid phase tran-
sitions became a highly attractive field of investigation by 
these new techniques (Laggner, 1988; Caffrey, 1989). 

The principal problem to be overcome for a full utilisation of 
this potential of synchrotron radiation sources, however, was 
to find suitable methods for triggering the phase transitions 
in a controlled and synchronous way. Simple methods like 
conductive heating proved by far too slow, and the results 
obtained by such techniques essentially served only to 
demonstrate the feasibility of much faster measurements. 
A breakthrough was achieved by the application of con-
tactless, radiation-induced heating through powerful infrared 
laser pulses, which results in a millisecond temperature 
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jump in the order of 10K in a phospholipid sample under 
conditions suitable for fast time-resolved x-ray small-angle 
diffraction (Laggner et al., 1989; Kriechbaum et al., 1989). 
Consequently, the structural processes of phase transitions 
became for the first time directly observable on the millisec-
ond time-scale. This method was so far applied to a variety 
of phosphatidylcholine (PC) and phosphatidylethanolamine 
(PE) species. Both the various transitions between lamellar 
phases, such as the La-LfJ transition, or the "pretransition" 
between the lamellar gel phase and the monoclinic "ripple 
phase", as well as the transitions between lamellar and 
hexagonally packed tubular structures were investigated in 
this manner on the X33 camera at the Outstation. The 
results make it possible to postulate several fundamental 
hypotheses concerning the mechanisms and kinetics of 
phase transitions. It is useful to classify two types of transi-
tion which fundamentally differ in their nature. Homologous 
transitions, Le. where the symmetry of the system does not 
change (e.g. lamellar-lamellar) were found to proceed in-
stantaneously at the millisecond scale, without intermediate 
disorder. This suggests a two-state martensitic mechanism 
involving concerted disclinations about lattice-connecting 
transition planes. Heterologous transitions, Le. where the 
symmetry changes (e.g. lamellar-hexagonal of PEs, or the 
"pretransition" of PCs) involve the formation of transient 
intermediate, ordered lattices (lifetimes in the order of 0.1 
s), which provide structure-connecting hinges for the initial 
and final structures. 

Muscle (Y. Maeda, G. Rapp, A. Stewart & A. Miegel) 

In-house muscle projects 

Time-resolved x-ray diffraction study of troponin-
associated reflections (Y. Maeda, A. Stewart 
(EMBL) & D. Popp (Brandeis)) 

The calcium binding and regulatory protein complex troponin 
(Tn) resides on the actin filament with an axial repeat of 
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PLATE 48 

Time-resolved x-ray powder diffraction of 20% stearoyl-oleoyl-
phosphatidylethanol-amine. This phospholipid undergoes a phase 
transition from the gel (LfJ) to the liquid crystal (La) state at around 
29°C. The three-dimensional representation of individual spectra 
(time resolution 450 J.£S) using a quadrant detector shows a rapid 
decay and growth of the rasp. lattices, the rate being determined 
by the pulse length of the laser. 

38 nm. This repeat gives rise to a series of meridional 
x-ray reflections which serve as good tools for studying 
the structural changes of the actin filament upon activation. 
On the diffraction pattern from frog whole muscle, we have 
found that two reflections (A2 and A4) undergo a two-phase 
intensity change upon activation. The first phase, an inten-
sity increase which is complete before tension reaches 10% 
of its plateau, can be interpreted in terms of conformational 
changes of Tn induced by the calcium binding. The second 
phase, an intensity decrease with a time course similar 
to that of tension generation, indicates extra mass in the 
myosin heads bound to the actin filament. These reflections 
uniquely report the calcium induced structural changes in 
Tn as well as the cross-bridge binding to the actin filament. 

Structural and biochemical study of invertebrate 
troponin-tropomyosin system (A. Miegel, 
Y. Maeda (EMBL), D. Popp (Brandeis), 
J. Collins (Baltimore)) 

The calcium activation of muscle gives rise to an inten-
sity increase in the second actin layer-line on the x-ray 
diffraction pattern. This has been interpreted in terms of 
the translocation of tropomyosin (Tm) on the actin filament. 
The Tm shift must be associated with the regulation of 
muscle contraction. In lobster muscle, however, we do not 
observe this intensity change. Being interested in possible 
variations of the Tn-Tm system, we have studied this Tn-Tm 
system in detail taking lobster muscle as a typical actin 
filament-regulated invertebrate muscle. Lobster myosin has 
been purified and showed no calcium sensitivity, indicat-
ing that there is no myosin-linked regulatory system. This 
muscle must be regulated through the Tm-Tn system. All 
the subunits and Tm have been isolated and purified. Upon 
adding all these components, rabbit actin becomes calcium-
sensitive. The ATPase assay also confirmed the functions 
of individual subunits, which are similar to their counter-
parts in vertebrate skeletal muscle. The stoichiometry is 
found to be actinITmfTn=7:1:1 and three subunits of Tn 
being T/I/C=1 :1 :1. Amino-acid sequencing is in progress for 
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all the purified lobster Tn-subunits, together with myosin 
light chains (LC1 and LC2). Tn-C1 has been sequenced 
suggesting that only two, instead of four, calcium-binding 
sites are functional. The x-ray diffraction patterns from the 
reconstituted actin filaments (with lobster Tn-Tm) oriented 
in glass capillaries show that the intensity of second actin 
layer-line is calcium-sensitive. This result suggests that the 
invertebrate Tn-Tm system induces the structural change of 
the actin filament in a manner similar to vertebrate skeletal 
muscle. The negative results from lobster muscle indicate 
that the actomyosin interaction induces further structural 
change of the actin filament, consistent with our previous 
interpretation (see Research Report 1988). In the lobster 
muscle, the number of myosin molecules per thin filament 
is three time less than in the vertebrate skeletal muscle. 

X-ray diffraction studies of submaximally activated 
frog muscle by use of rapid cooling contracture 
(A. Stewart & Y. Maeda (EMBL)) 

Very little is known about how the x-ray diffraction intensities 
from muscle are related to the number of units undergoing 
structural change, and how the number of activated units 
is related to the intercellular calcium concentration. This is 
largely due to the all-or-none nature of the activation of 
skeletal muscle. We have employed the technique of rapid 
cooling in the presence of a low concentration of caffeine. 
This technique is widely believed to allow us to control the 
intercellular calcium concentrations to intermediate levels. 
In this way we have obtained the steady state behaviour of 
the second actin layer line, the first myosin layer line and the 
1 0 and 11 equatorial reflections. The equatorial changes are 
fairly linear with tension, the first myosin layer line decrease 
is strongly non linear, being very well developed at even 
mild forces. This is consistent with a thick filament change 
taking place cooperatively when at least one of the six 
neighbouring thin filaments activates and no further change 
occurring at higher levels of activation. We hypothesize 
that the thin filament activation mechanism is cooperative 
probably along the entire length of the filament because 
the linearity of the intensity on the second actin layer line 
with the force level implies that the activating changes 
are occurring in whole coherent units rather than randomly 
accumulating within these units. The latter would rather lead 
to a quadratic relation between force and diffracted intensity. 

The nature of of the catch contraction of molluscan 
muscle (A. Stewart (EMBL), D. Popp (Brandeis)) 

The ABRM (anterior bysus retractor muscle from the mussel 
Mytilus Edulis) is a typical molluscan, thick filament regu-
lated muscle (Lehman & Szent-Gyorgyi, 1975). It displays a 
well developed catch state in which tension is maintained 
with a very low energy expenditure (Jewell, 1959). On 
comparing the conditions of relaxation, phasic contraction, 
catch, rigor and rigor with extrinsic S1 (myosin subfragment 
1) whilst measuring the x-ray diffraction pattern we have 
correlated myosin actin interaction with an indicator of thin 
filament conformation. For this purpose we recorded the 
second actin layer line which has been extensively studied 
in thin filament regulated muscles and in orientated gels of 
reconstituted thin filaments as an indicator of the regulatory 
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conformation of calcium regulated thin filaments. We find 
that during phasic contraction the predominant actomyosin 
interaction invokes a thin filament structural conformation 
with a very intense second layer line relative to the other 
conditions investigated. We interpret this as evidence for a 
specific, strongly interacting cross-bridge state distinct from 
the rigor-bridge state. Our results show the catch state to be 
closer to the rigor state than to phasic contraction in terms 
of the induced thin filament configuration. 

Time-resolved x-ray diffraction studies of ABRM 
(D. Popp (Brandeis) & A. Stewart (EMBL)) 

To correlate cross-bridge movements with the thin fila-
ment changes during phasic contraction of ABRM, the time 
courses of various reflections have been measured. The 
slow speed of this muscle combined with its robustness in 
the beam and the clear actin diffraction pattern uncluttered 
by myosin reflections have allowed us to build up a detailed 
picture of its behaviour during contraction. We have found 
that the time courses of the reflections fall into three groups: 

(1) Those that are much faster than tension indicating 
the initial events of activation, such as the 14.5 nm 
meridional and the first actin layer line, which could 
signify cross-bridge (weak) attachment. 

(2) Those that are intermediate between the fast changes 
and the time course of force, such as the second actin 
layer line and parts of the equatorial and diffusive near 
equatorial regions. These may be related to transitions 
in the attached cross-bridge population. 

(3) Those that follow force such as the time course of the 
7.2 nm meridional reflection, which is likely to have a 
large contribution from paramyosin, and the meridional 
scatter which may indicate cross-bridge angle. 

The actin layer line changes are strong in this muscle, 
due perhaps to a slow cross-bridge cycling rate reflected 
in the slow behaviour of the muscle, which would involve 
longer lived attached states. This would be advantageous 
in modelling the cross-bridge bound to the actin filament. 

Visitors projects 

Time-resolved x-ray diffraction studies on intact single 
muscle fibres (P.J. Griffiths, C.C. Ashley (Oxford), 
G. Cecchi, MA Bagni (Florence) & Y. Maeda (EMBL)) 

Equatorial x-ray reflections indicate the location of cross-
bridges, either in the vicinity of the thick filaments or of the 
thin filaments (H. Huxley). We are applying time-resolved 
x-ray diffraction methods to the intact single fibre preparation 
to study the molecular basis of tension development and 
its control (through the calcium regulation of the thin fila-
ment). We are also developing the application of single fibre 
methodology to x-ray diffraction studies. The single fibre 
preparation is advantageous over the conventional whole 
muscle preparation. The whole muscle suffers from serious 
limitations, both in terms of interfibre variability (mechanical 
and structural events being measured from a population 
rather than a precisely defined unit) and viability (fibres 
damaged by the x-ray beam still contributing to the observed 
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The equatorial reflection pattern of frog single fibre in the resting 
phase. Apart from the strong 10th and 11 th order reflections higher 
order reflections are clearly separated from the background. The 
spatial resolution of one channel is 1 mm. 
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pattern) whose effects cannot be eliminated from the exper-
imental data. The experimental techniques developed for 
defining conditions, such as length clamp, cannot be satis-
factorily applied to the whole muscle preparation. We have 
applied the sarcomere length clamp to the fibre on the x-ray 
beam line, to keep the fibre under truly isometric conditions 
during activation. This is important because mechanical and 
structural properties of the isometrically activated fibre are 
different from those under shortening. Furthermore, equato-
rial intensities are dependent on sarcomere lengths. 

We have found that the single fibre has advantages also for 
x-ray diffraction. The equatorial reflections are substantially 
better defined from single fibres (Plate 49) than those from 
the whole muscle. Our experience shows that the x-ray 
beam damage is not a limiting factor for the measurements, 
in contrast to previous sceptical views. With a muscle cham-
ber and x-ray optics alignment specially designed for the 
best SIN ratio with minimal dose, the single fibre survives 
over 100 tetanic contractions, with sufficient x-ray counts 
for 10 ms time resolution. X-ray damage was marked by an 
abrupt interruption of the mechanical response, without any 
noticeable degradation in the equatorial x-ray pattern or in 
sarcomere regularity. Until this point, fibre behaviour was 
reproducible in all respects. 

Our results show that, during the tetanus rise, both 1,0 and 
1,1 equatorial reflections change in intensity leading the 
tension rise by approximately 15 ms (at 4°C) (Plate 50). The 
time course of instantaneous stiffness of the fibre, measured 
from the tension response to application of 4 kHz sinusoidal 
length oscillations, is similar to that of the x-ray intensities. 
Since both instantaneous stiffness and equatorial intensity 
are believed to indicate cross-bridge attachment, their time 
course supports the view that cross-bridge linkages are 
formed initially in a low force state, and a subsequent step 
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The time course of changes in the intensities of the equatorial reflec-
tions of order 10 and 11 respectively and of the tension accumulated 
over a series of tetanic contractions. The x-ray intensity changes 
occur at similar rates, both leading tension development. 
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results in the attached bridges developing tension. Further-
more, since the time course of both stiffness and x-ray data 
is very similar, these low force bridges have a stiffness 
equal to that of force bearing bridges at the tetanic plateau. 
During relaxation, again the agreement between stiffness 
and x-ray data maintains, as far as the first slow phase of 
the relaxation is concerned, where isometric conditions are 
maintained. There both stiffness and equatorial intensities 
return towards their resting values at a rate much slower 
than tension. Although the lattice spacing changes during 
activation and relaxation when the length is not clamped, 
this change is in a direction consistent with constant volume 
constraints. Upon length clamp the lattice spacing change 
is greatly reduced. During a length step, however, constant 
volume constraints do not apply. Furthermore, recovery from 
a large release (Le. redevelopment of tension) is accompa-
nied by a lattice compression indicating a return towards 
constant volume, but occurring at a time when sarcomere 
shortening might be expected rather than lengthening. The 
reverse is true for stretch. This apparently anomalous be-
haviour is presently under investigation. 

Dynamic x-ray diffraction expNiments following 
photolytic relaxation and activation of rabbit psoas 
fibres (K.J.V. Poole, R.S. Goody, (Max-Planck 
Institute for Medical Research, Heidelberg), 
J.H. Kaplan, G.C. Ellis-Davis (Dept. Physiology, 
Univ. Pennsylvania), Y. Maeda & G. Rapp (EMBL)) 

Using the EMBL small-angle x-ray scattering beam line, X33, 
and a linear, rapid counting multiwire detector designed by 
Jules Hendrix, EMBL, we have measured the kinetics of the 
intensity changes in the low-angle scattering pattern from 
muscle fibres with 1-5 ms time resolution following various 
biochemical perturbations of the system. Comparing these 
structural transients with mechanical transient events allows 
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us to correlate structural and mechanical aspects of the 
cross-bridge cycle with biochemical steps in the actomyosin 
ATPase cycle. 

(1) Relaxation from rigor using caged ATP - the effect of 
ADP. 

We have previously shown that on rapid, photolytic 
release of ca 2 mM ATP into small bundles of 10-20 
skinned psoas fibres in rigor at 24°C, one sees a very 
rapid drop in the 11 equatorial intensity (t1l2 ca 1 ms) 
followed by a slower fall which appears to parallel 
the tension relaxation (t1l2 ca 40-50 ms). The initial 
equatorial change indicates the rapid movement of 
cross bridge mass away from actin and so is likely to be 
the process of ATP-induced cross-bridge detachment. 
This rate is too fast to measure accurately with 1 ms 
time resolution, but at 10-12°C it is more than 2x 
slower (t1/2 3-4 ms). The heat production and ATPase 
activity of a contracting muscle are greater when it 
is allowed to shorten (the Fenn effect), and so it is 
expected that some rate or rates in the cross-bridge 
ATPase cycle are faster at lower cross-bridge strains. 
To investigate the effect of strain on the cross-bridge 
detachment rate described above, relaxed prepara-
tions were first stretched to sarcomere lengths of 2.9-
3.0l'm to produce a significant passive tension so that, 
when in rigor, the rigor tension could be fully released 
shortly before caged-ATP photolysis without the fibres 
slackening in the x-ray beam. Reducing the strain in 
this way does not appear to affect the rate of the 
ATP-induced equatorial change. The addition of 1 mM 
ADP to the rigor fibres leads to a slower and very 
complex ATP-induced tension relaxation. In contrast, 
the effect on the 11 equatorial change is a simple 
reduction in rate of ca. 3 fold (tl/2 9-10 ms), indicating 
that the release of ADP from the rigor bridges is limiting 
the rate of ATP binding and bridge dissociation. This 
rate was not affected by reducing the rigor tension to 
zero before the ATP release and so appears to be 
strain insensitive. To conclude, both the rate of ATP 
induced cross-bridge detachment and the rate of ADP 
release from the AM.ADP state appear to be strain 
insensitive. 

(2) The rate of cross-bridge binding on activation with 
caged-Ca. 

168 

Using calcium loaded DM-Nitrophen, a caged-Ca 
molecule supplied by J. Kaplan, Philadelphia, we were 
able to fully activate small bundles of skinned psoas 
fibres. At 24°C both the tension and the equatorial 
signals began to change within a millisecond of cal-
cium release, but the intensity change, signalling cross-
bridge attachment, was faster (tl/2 10-15 ms ct. 20 
ms for the tension). This shows that bridges rapidly 
accumulate (50-70 S-l) in an attached, low force gen-
erating state when calcium binds to the thin filaments. 
This apparent cross-bridge binding rate was insen-
sitive to a 10-12°C temperature reduction whereas 
the rate of force production had a 010 of around 
4. 

(3) The force generating step and the 14.3 nm meridional 
reflection. 

In contrast to the equatorial reflections, the intensity of 
the 14.3 nm meridional reflection, arising from the axial 
ordering of cross-bridges, appears to increase with 
force generation on activation. In both the caged-Ca 
and the caged-ATP/Ca experiments the temperature 
sensitivity of the rate of 14.3 nm intensity change was 
similar to that of the rate of tension production. In 
the caged ATP activation experiment from rigor there 
is a temperature dependent delay before the tension 
begins to rise which is also observed in the 14.3 
nm intensity signal change. Control measurements of 
the width of this reflection along the layer line, which 
has been shown to increase substantially in intact 
frog muscle experiments, showed that even at high 
temperature, disorder is not a problem until the tension 
nears its active plateau. The 14.3 nm width increase 
appears to correlate with the onset of sarcomere length 
changes. We conclude, therefore, that this intensity 
change in the skinned rabbit system appears to reflect 
the structural change associated with the power stroke. 

Protein crystallography (K.S. Wilson, Ch. Betzel, 
Z. Dauter, K. Petratos, G. Lange, S. Klupsch, 
G. Evans, M. Dauter, H. Terry & S. Pfeffer) 

The major advance during 1989 has been the continuous 
use of the imaging plate scanner on one or other of the two 
protein crystallography beam lines. The scanner is able to 
handle data from more than 95% of the projects. The only 
important limitation of the present system is in the resolution 
of very closely spaced reflections. The scanner is presently 
restricted to be mounted with the centre of the plate at the 
centre of the beam. Empirically we find it is possible to 
resolve up to 110-120 orders at each side of the centre. 
Thus for a 350 A cell data can be recorded to 3.0 A with the 
present system. This limitation is not dictated by the spatial 
resolution of the scanner, but rather by the actual spot sizes 
in the pattern. 

The first advantage of the scanner is in the direct transfer of 
the x-ray image to a digitized image on a computer disk with-
out the need for chemical processing or manual scanning. In 
practical terms this avoids fog, gives an enormous 
financial saving on film (film now costs DM 4 per sheet, 
more likely DM 5 after processing and we have recorded 
over 20,000 images this year), allows more automated data 
collection and gives a tremendous saving in manpower by 
reducing the number of persons required to run the beamline 
and scan films. In terms of these advantages alone we 
can now tackle a large number of problems which were 
previously intractable given the constraints of funds and 
personnel. 

The real scientific advantages of the plate go far beyond 
this. In comparison to film there is no chemical fog, resulting 
in a much cleaner image. Better still imaging plates are as 
sensitive to x-rays at 0.5 A wavelength as at 1.5 A. In fact we 
have almost exclusively used radiation of wavelength in the 
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A list of projects carried out during a five week period on the X11 
beamline with the imaging plate. 

IMAGE PLATE DATA COLLECTION 
MARCH-APRIL 1989 

X-Ray Source: Beamllne X11 at DESY, Hamburg 
Single bunch, Parasitic mode; 5.3 GeV, 40-25 mA 

6.3-20.3 Ribosome subunits 

Several data sets 

21.3 Glucose isomerase 

21.3 FAB complex 

22.3 Lectin complex 

22.3 Amicyanin 

22.3-23.3 Lectin native 

23.3 FAB native 

23.3 RNAse T1 

24.3- 1.4 SHUT DOWN FOR EASTER 

1.4 Xylose isomerase substrate 

2.4 Xylose isomerase complex 

3.4 Myoglobin native 

5.4 Therm itase-bacitracin 

6.4 Instrument tests 

7.4 Myoglobin mutant 

8.4 Myoglobin mutant 

9.4 MADH complex 

9.4 Haemocyanin 

10.4 Transglycosylase 

11.4 Phospholipase A2 mutant 

range 0.9-1.0 A during 1989. This has been found to 
give a big gain in effective crystal lifetime for almost all 
proteins, presumably due to the reduced absorption. In 
many cases it has been possible to collect complete three-
dimensional data from a single crystal where several were 
required using 1.5 A wavelength radiation, with the con-
comitant problems of radiation damage and scaling. This 
not only makes life much easier but gives better data at 
the end of the day. In addition the major source of sys-
tematic error in most data collections, namely absorption, 
is practically eliminated at these short wavelengths. In a 
preliminary experiment on a rubredoxin crystal provided by 
Larry Sieker, we have used wavelengths down to 0.65 A, 
giving a limiting resolution of 0.9 A at the edge of our imaging 
plate. 

The power of the imaging plate scanner is best illustrated 
by showing a list of the projects carried out in a five week 
period early in the life of the scanner during March and 

Yonath - 4.5 A -

In-house Test Data 

Quail 180° 2.5 A 7.6% 

Quail 90° 2.5 A -
In-house 90° 2.5 A 10.5% 

Quail 90° 2.5 A 6.0% 

Quail 90° 2.1 A 5.2% 

Saenger 90° 1.8 A 8.6% 

In-house 100° 1.9 A 5.9% 

In-house 100° 1.75A 6.4% 

Dodson 110° 2.0 A 5.5% 

In-houde 45° 3.0 A -

Dodson 110° 2.0 A 

Dodson 90° 2.0 A 

Hol,Drenth 90° 2.6 A 

Hol,Drenth 30° 2.7 A 

Hol,Drenth 90° 3.0 A 

Hol,Drenth 180° 2.1 A 

April 1989, Plate 51. In this period the scanner was first 
used by Ada Yonath for two weeks for the collection of 
ribosomal subunit data, and then for three days to record 
7 data sets for in-house and visitors projects. The beamline 
then shut down for 1 week over Easter. In the following 11 
days a further 10 high resolution data sets were recorded. 
The scanner has continued to produce data at this rate for 
the rest of the year. We are still using the same imaging 
plate that was mounted in the scanner before Easter. For 
the evaluation of the imaging plate data we are currently 
using a modified version of the MOSFLM film processing 
system developed over a number of years in the U.K .. We 
are particularly grateful to Andrew Leslie of MRC Cambridge 
for implementing profile fitting for the imaging plates. The 
program system is shown in overview in Plate 52. As can 
be seen it remains very similar to the film processing strat-
egy, and the output data feed directly into the widely used 
CCP4 protein crystallographic program system from SERC, 
Daresbury. 
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An overview of the programme system used for imaging plate data 
processing. 

EMBL IMAGE PLATE DATA PROCESSING 
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The introduction of a second scanner in March 1990 will im-
prove facilities, allowing data of high quality to be recorded 
on both protein crystallography beam lines. The first year 
of operation of the scanner has put a considerable load 
onto the in-house crystallographers in providing basic train-
ing in rapid data evaluation and analysis for many users. 
Nevertheless it has been most rewarding to have seen so 
many groups returning home with data already reduced to 
corrected and merged intensities. 

The first Laue data collection on our beamlines was carried 
out for test purposes at the end of 1988. In 1989 the first 
real experiments were carried out by a group from the 
Max-Planck Institute Heidelberg, MIT Boston and in-house 
staff. The results are described below. We look forward 
to receiving more applications for Laue work on the X31 
beamline. 

The in-house experimental projects continued to concen-
trate on bacterial proteins. As before the four themes were 
(1) subtilisin proteinases, (2) metalloproteins, (3) carbohy-
drate metabolising proteins and (4) nucleic acid - protein 
interactions. We have in the last years produced high res-
olution structures in areas (1) and (2), and now have our 
first refined structure, glucose isomerase, in (3). Our efforts 
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in areas (3) and (4) particularly have been greatly strength-
ened by Costas Vorgias joining the group as a biochemist: 
his work is also summarized below. 

Subtilisin proteinases 

The in-house programme on the subtilisin proteinases and 
their complexes with different peptides was actively pursued 
during 1989. In a collaboration with the NOVO Research 
Institute we finished the refinement of two alkalophilic pro-
teinases from Bacillus lentus, namely savinase and es-
perase. Both structures were refined by restrained least 
squares minimization using data collected on the beamline 
X11, to 1.4 A and 1.8 A respectively. The current R-factors 
are around 17% for both structures, including about 200 
solvent waters. We are carrying out detailed analyses and 
comparisons of the structures of the proteins and the sol-
vent. A particular interest is in the Ca2+ binding sites, and the 
active and specificity sites of these structures in comparison 
with other known structures. The structures will first be 
compared with the classical subtilisins BPN' and Carlsberg, 
and also with the mesophilic mesentericopeptidase which 
we have analysed at high, 1.9 A, resolution. All of these 
subtilisins are secreted by various species of Bacillus bac-
teria and have sequence homologies ranging from 50 to 
90% identity. Further comparisons will be made with the 
more widely divergent thermitase and proteinase K which 
we have also determined. This follows our aim of a broad 
study of subtilisin proteinases from a wide variety of naturally 
occurring organisms. 

Complementary to the structural study of the wild-type sav-
inase we have started a program of studying engineered 
mutants with the aim of improving the stability, activity and 
the Ca2+ binding sensitivity of the enzyme. We have grown 
crystals and collected data on the imaging plate scanner to 
resolutions in the range 1.6 A to 2.1 A (depending on crystal 
quality) for six mutants. The mutants did not crystallize in the 
same space group as native savinase (or other mutants) and 
so we have solved the structure for all of them by molecular 
replacement during the last month of 1989. The refinement 
and interpretation is in hand. At present the best overall 
improvement to the wild-type "performance" is about 200 
times taking account of both activity and stability. 

We have started "ultra" high resolution data collection for 
the two alkalophilic proteinases using recombinant material 
which gives improved crystal quality. In the test experiments 
we were able to collect partial data sets to 1.1 A resolution. 
Next year we plan to collect complete data to 1.0 A or better 
using beam line X31 and wavelengths of about 0.7 A. The 
aim of this research programme is to go as close as possible 
to atomic resolution which should allow us to locate at least 
some of the hydrogen atoms. 

During 1989 the high resolution refinement of native thermi-
tase was completed by Alex Teplyakov from Moscow during 
his visit to the Outstation. The complex of eglin and ther-
mitase was refined in collaboration with the crystallographic 
group in Groningen. The interpretation and refinement of 
mesentericopeptidase supplied by Prof. Genov of the Uni-
versity of Sofia is almost complete. 



A new project we started last year was the co-crystallization 
of antibiotic peptides with specific proteinases. We have 
finished the refinement of savinase in complex with baci-
tracin at 1.9 A resolution. This shows a completely novel 
type of subtilisin inhibition. Following up this result we 
crystallized and collected data to 2.2 A on a complex of 
zinc-bacitracin and savinase. The structure analysis is in 
progress and should shed more light on the function of 
divalent metal ions in the action of these antibiotic peptides. 
In addition we have the first results on the data collection 
and interpretation of a potential complex of gramicidin Sand 
savinase. 

Metalloproteins 

A new crystal form has been characterized of the tetrameric 
enzyme nitrite reductase from Alc. faecalis S-6. It belongs 
to the monoclinic space group P21 with unit cell dimen-
sions: a=74.7 A, b=234.5A, c=74.7 A and monoclinic an-
gie b=116.2°. The unit cell volume is twice as large as 
that of the crystals which were characterized a few years 
ago. This implies that in the new crystal form there are 
two active tetramers (MW 4x30,000 Da) per asymmet-
ric unit. The diffraction limit of the new crystals is close 
to 3 A resolution. To employ the anomalous scattering 
properties of the four Cu-ions present in the molecule 
of the enzyme, complete data sets have been collected 
from a single crystal on the beam line X31 at three dif-
ferent wavelengths: 1.40 A, 1.36 A and 1.01 A. Unfortu-
nately, no clear peaks have been found which could be 
assigned to Cu-Cu interatomic vectors in the anomalous 
difference Patterson maps. The analysis of the crystal 
structure of the nitrite reductase requires the availability of 
several mgs of pure protein. This is now possible since 
the gene coding for nitrite reductase has recently been 
cloned and overexpressed (T. Beppu, private communica-
tion). 

The electron donor to nitrite reductase, namely the blue-
copper protein pseudoazurin, was purified in high yield (25 
mg of >95% purity per 23 g of wet cell paste) from the 
recombinant strain E.coli C600 which was kindly provided to 
us by T. Beppu of the Univ. of Tokyo. The protein was used 
for EXAFS measurements of the oxidized (Cu2+) state at 20 
K using the corresponding EMBL beam line in collaboration 
with H. Nolting. 

Moreover, a small fraction of the protein was crystallized and 
used as a model for multiple wavelength anomalous diffrac-
tion (MAD) experiments on the X31 instrument. We have 
recently recorded data at four wavelengths about the Cu 
K-edge to a resolution of 2.5 A from a single crystal using the 
imaging plate. The anomalous dispersion measurements 
from the data recorded just above the absorption edge (in 
energy) give an excellent Patterson synthesis comparable 
to that presented in last year's research report for film 
data. We are currently evaluating the data from the other 
wavelengths. The intention of the project is to use the blue 
protein as a model compound for establishing the necessary 
improvements to be made to X31 for it to be more routinely 
used for multiple wavelength work. 

In collaboration with E. Cedergren of the Univ. of Stockholm 
we collected and processed high resolution (1.8 A diffraction 
data from crystals of the ternary complex of horse liver 
alcohol dehydrogenase (Zn-LADH) with DMSO and NADH. 
The synchrotron data were collected on the in-house built 
imaging plate scanner and merged with a Rsym of 7.3% with 
diffractometer data extending to 2.9 A resolution. The refine-
ment is under way in Stockholm using the molecular dynam-
ics program XPLOR on a CONVEX computer. The aim of 
this project is firstly a highly refined native LADH structure, 
to be followed by an analysis of the Cu substituted protein. 

Carbohydrate metabolizing proteins 

The enzyme xylose isomerase from S.albus forms large (up 
to 3 mm) rhombo-clodecahedral crystals from a 100 mg/ml 
water solution in the presence of either 0.1 M MgCI2 or 
other divalent metal ions. The crystals are orthorhombic with 
space group 1222 and cell dimensions a=93.9 A, b=99.7 A, 
c=1 02.9 A. The asymmetric unit contains one monomer of 
the protein of ca. 40 kDa. Four monomers aggregate to form 
a tetramer located at the 222 symmetry site. The crystals 
diffract to about 1.5 A resolution. 

We have collected complete data on both the metal-free 
and Mg2+ crystals using the Hendrix/Lentfer imaging plate 
scanner on the X11 beam line. In both cases three data 
sets were collected. A "high" resolution set (data to 1.65 A 
for the metal-free crystals and data to 1.55 A from Mg2+ 
containing crystals) was collected in ninety 1°oscillations. 
A "medium" resolution data set (data to 2.0 A) collected 
with 1.5°oscillations and a "low" resolution set (data to 
2.7 A) collected with 3° oscillations. For the high resolution 
data the exposure time was between 1 and 2 minutes per 
image and the ratio of exposure time going from "high" to 
"medium" to "low" was 40:6:1. The data were processed 
using the modified MOSFLM package for image plates and 
merged with the CCP4 programs ROTAVATA IAGROVATA. 
The Rsym (the symmetry R on intensities and using all 
data) for the metal free data was 5.8% for 54575 unique 
reflections and for the Mg2+ containing data 5.5% for 72687 
reflections. The data collection for the metal free crystals is 
summarized in Plate 53. 

IMAGE PLATE DATA COLLECTION 
FOR NATIVE XYLOSE ISOMERASE 

X-Ray Source: Beamllne X11 at DESY, Hamburg 
Single bunch, Parasitic mode; 5.3 GeV, 40-25 mA 

Wavelength 0.96A 
Resolution 1.65A 
No. of images 185 
Exposure time ca. 20 s 
Total reflections 264,984 
Unique refls. 54,575 
Rmerge 5.8% 
Total beam time 9 hours 

PLATE 53 

A summary of the native xylose isomerase data collection. 
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As a starting model we have used the structure of xylose 
isomerase from Arthrobacter (Collyer, Henrick & Blow) af-
ter the appropriate rotation and translation. Refinement of 
the metal-free structure was performed using the Konnert-
Hendrickson programs from the CCP4 package. The R-
factor dropped from an initial value of 55% to 34% after 
10 cycles of refinement at 2.1 A resolution. At this stage a 
manual rebuild of regions showing well-defined secondary 
structure and the insertion of some obvious sequence cor-
rections was done. A further 20 cycles of refinement during 
which the resolution range was gradually expanded to 1.7 A 
resulted in the R-factor dropping to 28%. The difference 
Fourier map allowed us to insert about 100 water molecules 
and another 8 cycles of refinement lowered the R-factor to 
25% at 1.65 A resolution. The model was subjected to a 
thorough rebuild of the whole chain and insertion of the 
correct amino-acid sequence for the first 377 residues. 5 
more cycles of refinement resulted in an R-factor of 22.5%. 
The Fourier map now showed a clear extension of the 
density at the C-terminus as expected from the sequence 
and 6 residues were built in to the model together with 
an additional 125 water molecules. The next 5 cycles of 
refinement decreased the R-factor to 18.7%. Insertion of 
the final 4 C-terminal residues and about 200 more water 
molecules and correction of some minor errors in the flexible 
loop regions resulted in the current R-factor of 13.9% after 
6 more cycles of refinement. 

This model was then subjected to 5 cycles of re-
finement using the Mg data. The initial R-factor of 
15.6% dropped to 14.8% and although inspection of the 
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A portion of the 1.65 A electron density synthesis showing the 
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The R factor at the end of refinement for the native xylose isomerase 
in 15 ranges of resolution from 8.0 A to 1.65 A The overall R factor 
is 13.9%. 
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coordination of the two metal ions in a cobalt containing complex. 
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The Harker sections (w=<l) of the Patterson syntheses for the 
d-UTPase Hg derivative. a), b), c) "isomorphous· difference Patter-
son syntheses for the cocrystallized (wavelength=O.995 A), soaked 
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(wavelength=1.03 A) and soaked (wavelength=O.995 A) crystal re-
spectively. d), e), f) the corresponding anomalous difference Pat-
terson syntheses. 
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a) A section of the d-UTPase isomorphous Fourier synthesis 
based on the Hg and Pt derivatives 
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Fourier map shows that some water molecules need to be 
deleted and some new ones inserted, the overall model is 
substantially correct. We have also collected and processed 
diffraction data from crystals containing other metal ions 
(C02+, Cd2+, V02+). Preliminary studies of the difference 
Fourier maps against the metal free data show clearly the 
metal binding sites. The final R factors in these refinements 
for a protein of this molecular weight at this resolution are 
excellent indicators of the high quality of the data which can 
be collected with the imaging plate scanner. The R factor is 
shown as a function of resolution in Plate 54 for the metal 
free protein, and a region of the map in Plate 55. 

We are also planning to study the proteins of the galactose 
operon. This project is still at the biochemical stage and is 
described below. 

Nucleic acid binding proteins 

The major part of this work, the study of DNA binding pro-
teins from thermophilic bacteria, is also at the biochemical 
stage and is described below. 

X-ray structural studies on d-UTPase are being carried out 
in cooperation with Gunilla Larsson and Per-Olof Nyman 
(University of Lund, Sweden) and Eila Cedergren (Univer-
sity of Stockholm). The enzyme d-UTPase (deoxyuridine 
triphosphate nucleotide hydrolase from Eco/i) catalyses 
the hydrolysis of deoxyuridine-5' -triphosphate (d-UTP) to 
d-UMP and pyrophosphate. This reaction is of great impor-
tance to the cell. Decreased d-UTPase activity (measured 
on Ecoli mutants having only a few percent of the activity 
of a wild-type strain) causes severe damage, such as ele-
vated recombination frequency (hyper-rec), abnormal muta-
tion rate and accumulation of high concentration of short 
DNA fragments as intermediates in the DNA replication. 
These phenomena all derive from the fact that uracil was 
incorporated in DNA as a result of too high concentration of 
d-UTP in the cell. d-UTPase has a molecular weight of 14 
kDa per monomer. 

The structural gene for d-UTPase from Ecoli (dut) has been 
isolated and the nucleotide sequence of the dut operon has 
been determined. Using an expression vector an overpro-
ducing system has been obtained in Lund that can provide 
about 600 times more d-UTPase than wild-type bacterial 
strains. Crystals of d-UTPase of various morphology and 
size grow very easily but only one form is suitable for 
high resolution x-ray analysis. These crystals belong to the 
space group R3, can be 1 mm large and diffract to about 
1.6 A resolution. The crystals used for data collection were 
precipitated with PEG 8000 at pH 4 in the presence of 50 
mM of succinate, pyrophosphate and MgCI2. A complete 
1.9 A data set was collected on the X31 beam line, using the 
imaging plate scanner. 

Two native crystals were used, one to collect the data to 
1.9 A resolution and the second to cover the low resolution 
(2.6 A) part which was too intense in the other set. For the 
first data set 51 images were collected with 2°oscillations 
and about 2 min exposure time per image. The wavelength 
used was 1.009 A. For the low resolution data set 24 images 

were collected with 4°oscillations and about 8 times less 
exposure. The data were processed with the modified MOS-
FLM package to produce 64120 intensities. A final Rsym of 
6.9% was obtained for all 13,640 unique reflections (95% 
complete). The space group was confirmed as R3 with cell 
dimensions a=b=86.6 A, c=62.2 A in hexagonal setting. 

A single crystal soaked in ethyl mercury thiosalicylate 
(EMTS) was used to collect a complete 2.0 A data set 
using the same conditions as for the native crystal, except 
that the wavelength was changed to 0.995 A to maximize 
the anomalous diffraction effect of Hg. 42611 intensities 
were merged to 11730 unique reflections with Rsym of 
5.9%. A similar data set was also collected on a sample 
co-crystallized with Hg2+ ions. 

A second heavy atom derivative was prepared by soaking 
the crystals in 1 mM solution of K2PtCI4 for 7 h. The data 
to 2.1 A resolution were collected using the same strategy 
as for the other sets with the wavelength of 1.05 A. The 
R-merge value of 5.7% was obtained by merging 33580 
intensities into a set of 9910 unique reflections. 

Both the Hg and Pt derivatives proved to be useful and 
produced very clear anomalous and difference Patterson 
maps with single sites of the heavy atoms. Three pairs of 
difference and anomalous difference Patterson syntheses 
are shown in Plate 56 for the Hg derivative. As can be 
seen the co-crystallized Hg derivative is unfortunately non-
isomorphous with the native, giving a very clear anomalous 
Patterson map but no peaks on the difference Patterson. 
In addition we inadvertently collected the next data set just 
below the absorption edge of the Hg giving a very poor 
anomalous Patterson. Only at the third attempt did we get 
it right and use a soaked crystal and the right wavelength! 
The relative position of platinum with respect to the mercury 
atom was found on a difference map calculated on Pt and 
native amplitudes and on phases based upon the Hg atom. 

The phasing procedure based on the two derivatives re-
sulted in an overall figure of merit 51 % at 2.1 A and pro-
duced a map with clear continuity in the electron density 
and good contrast between protein and water regions. A 
map calculated for the opposite handedness was not in-
terpretable. One iteration of the Wang solvent flattening 
procedure increased the overall figure of merit to 70% at 
2.1 A and gave a map of enhanced quality. At present we 
are building the protein chaiD into the map. It is clear that 
the molecules are arranged in trimers around the three-fold 
axis. A representative section of the "isomorphous" and of 
the "Wang" map is shown in Plate 57. 

In collaboration with R. Hilgenfeld (Frankfurt) we collected 
data on the single-stranded DNA binding protein to 2.7 A. A 
heavy atom search is now in progress. Together with the bio-
chemical department from the FU Berlin we characterized 
for the first time crystals of 5S RNA from Thermus f1avus 
and are now attempting data collection to about 8 A using 
different cooling techniques. 

In collaboration with F. Winkler of Hoffman-La Roche, Basel, 
we collected and successfully processed diffraction data to 
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3 A resolution of the complex of the restriction endonuclease 
EcoRV and a cognate oligonucleotide. It is worth mentioning 
that the unit cell dimension along the c-axis is 368 A. 

Biochemistry (C. Vorgias, A. Kingswell) 

We have concentrated on three projects all of which are 
intended to lead to three-dimensional crystallographic anal-
yses as well as our own functional studies in solution. 

Purification of the three E.coli galactose operon 
enzymes overexpressed in bacteria 

Three independent plasm ids were constructed and pro-
vided by H.G. Lemaire (Koln) which separately overex-
press one of the three galactose degrading enzymes of 
E.coli. The overexpression of UOP-galactose-4-epimerase 
(galE), galactose-1-P-uridyltransferase (gaiT) and galactok-
inase (gaIK) amounts to about 9%, 15% and 20%, re-
spectively, of the total cellular protein as shown by SOS-
PAGE. 

The three individual enzymes were extracted from the bacte-
rial paste by sonication. Extractable proteins under low ionic 
strength conditions were separated from the celliJlar debris 
by low speed centrifugation. The soluble protein fraction 
with enzymatic activity was further enriched by ammonium 
sulphate precipitation and further purified by conventional 
chromatography and finally by FPLC. The purification pro-
tocol is very efficient because in a short time and with limited 
chromatographic steps we could recover large amounts of 
enzymes with high specific activity. In the case of galactok-
inase 250 mg pure enzyme with 70 U/mg was purified from 
5 g of bacterial paste. The galactose-1-P-uridyltransferase 
enzyme with 110 U/mg was recovered in ca. 150 mg from 
5 g bacterial paste. 

Finally, 65 mg of very high active UOP-galactose-4-
epimerase (500 U/mg) were recovered from 5 g bacterial 
paste. The crystallization of all three purified enzymes is 
our major goal. Among the three enzymes only galE has 
to date given tiny crystals. Preliminary x-ray analysis has 
proved that they are protein crystals. Unfortunately, the size 
of the crystals is so far too small for data collection. 

Integration host factor 

Integration host factor (IHF) is a small basic protein that 
is needed for efficient recombination of bacteriophage A, 
as well as for other host and viral functions. IHF appears 
to be a dimer containing two small, non-identical basic 
polypeptides, IHF-a and IHF-,B with apparent molecular 
weights on urea-SOS-PAGE of 11.2 kOa and 10.5 kOa, 
respectively. The two IHF subducted and overexpressed 
under the control of A, A. promotor. The overexpression 
of both genes conjointly led to the accumulation of large 
amounts of active IHF. The clone was provided to us by H. 
Nash (NIH) and the extraction procedure was improved in 
our laboratory. In a routine purification ca. 15-20 mg pure 
IHF is recovered from 10 g E.coli cells. Crystallization trials 
of native IHF have all been negative to date, but we also 
plan to co-crystallize the protein with oligonucleotide. 
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HU and other DNA binding proteins from Bacilli 

ONA binding protein HU is ubiquitous in the eubacterial 
kingdom and has in addition been isolated from two archae-
bacteria. It is a small dimeric protein with 90-92 amino-acids 
and a molecular weight of about 9,500 for the monomer. 
There are of the order of 60,000 copies of the dimer per 
cell. Recent studies have shown that HU is primarily located 
on the active, less organised, outer regions of the bacterial 
genome and suggested an active role in various functions 
of ONA. 

Among the Bacilli the sequence was first determined for HU 
from Bacillus stearothermophilus and has also been deter-
mined for B.globigii. The determination of the sequences of 
HU from B.subtilis and B.caldo/yticus has also been carried 
out. The HU proteins from the species are highly homolo-
gous. The structure of the Bacillus stearothermophilus HU 
has been refined at 2 A resolution. . 

The proteins from the four Bacilli are of particular interest 
with regard to their relative thermostability. The small num-
ber of amino-acid substitutions between the species allows 
us to address the question of how the extra stability is 
achieved in the thermophiles. Two of the organisms are ther-
mophiles and two mesophiles. In collaboration with Steve 
White (Brookhaven), Isao Tanaka (Sapporo) and M. Kimura 
(Kyushu) we wish to analyse the four sequences in terms 
of the known structure of the Bacillus stearothermophilus 
HU, the present model for HU-ONA interaction and their 
thermostability. 

We have therefore extracted the HU's from the four Bacilli 
in mg quantities and determined their thermostability by fol-
lowing the CD representative of the a-helical component as 
a function of temperature, and thus monitoring the reversible 
thermal denaturation. The two mesophilic HU's denature at 
about 35°C and the thermophiles at 65°C, comparable to the 
optimal growth temperatures of the organisms. A publication 
is being prepared on the structural basis of the differences 
in thermostability. 

Time-resolved x-ray structural studies on 
H-ras p21 (I. Schlichting, E. Pai, R.S. Goody 
(MPI Med. Research, Heidelberg), G. Petsko, 
S. Almo (MIT, Boston), G. Rapp, A. Lentfer, 
K. Petratos & K. Wilson (EMBL» 

It has recently been shown that the H-ras oncogene prod-
uct p21 (21 kOa) can be crystallized with a photo labile 
GTP derivative (caged-GTP) at its active site, and that 
after photolytic removal of the protecting group, hydrol-
ysis of GTP to GOP occurs in the crystal at the same 
rate as with p21 in solution (Schlichting et al., 1989). We 
used such crystals in conjunction with Laue and classi-
cal x-ray diffraction techniques to provide information on 
the structural changes accompanying GTP hydrolysis in 
this system. This process is of particular interest, since 
it is thought to constitute the transition between the "ac-
tive" and "inactive" forms of p21, and is assumed to be 
analogous to similar switches which occur with the G-
proteins and other guanosine nucleotide binding proteins. 



It is this process or more exactly its activation by a fac-
tor known as GTPase activating protein (GAP), which is 
modified in transforming mutants of H-ras p21 (Barbacid, 
1987). Thus, understanding of the hydrolysis mechanism, 
the accompanying protein structural changes and the way 
in which these are modified by (or modify) the interac-
tion with GAP are of crucial importance in clarifying the 
molecular basis of oncogenic transformation in this sys-
tem. 

The approach we have taken to answering some of these 
questions is outlined in the following scheme: 

hoy a) tl/2=40 min 
p21.caged GTP ---+ p21.GTP , p21.GDP 

b) tl/2=400 min 

a) p21 (wild-type), b) p21 (oncogenic mutant form with 
glycine 12 replaced by valine) 

The structures of stable or quasi-stable complexes in the 
scheme above were determined by classical (monochro-
matic) x-ray diffraction methods. This was not possible for 
the relatively short-lived complex between wild-type p21 and 
GTP. This structure was determined by the Laue method 
using synchrotron radiation after photolytic cleavage of pro-
tecting group in the crystals of wild-type p21.caged-GTP and 
before significant hydrolysis of GTP to GOP had occurred. In 
addition, the structure of the protein was also determined (in 
the same crystal) by the Laue method 14 min. after initiating 
the GTPase reaction by removal of the protecting group, Le. 
during GTP hydrolysis. 

Laue diffraction data were collected on film at X31 during 
parasitic user time. The crystal was at random orientation 
relative to the x-ray beam and the crystal-film distance was 
11.8 cm. To break the symmetry and thereby obtain more 
unique data, the angle of the spindle was tilted by 7°and 
exposures (10-15 s) of 3 orientations of the crystal differing 
by 15°were collected for one data set. Only 2 out of 26 
crystals of wild-type p2i were well enough ordered for Laue 
data analysis. After scanning the films, the digitized data 
were processed using a suite of programs developed at 
Daresbury which is described elsewhere (Helliwell et al., 
1989). 

The overall structures of the complexes analysed here, 
Le. p21.caged-GTP, p21.GTP and p21.GDP, are identical 
in terms of the general organization of their secondary 
structural elements (a-helices, .a-sheets) and also identical 
to that reported for the p21.GPPNP complex (Pai et al., 
1989). The structures of p21.GTP and p21.GPPNP appear 
to be practically identical at the resolution obtained from 
the Laue data set at 2.8 A resolution. In contrast, there are 
large differences between the structures of p21.GTP and 
p21.GDP, particularly in the region known as the effector 
loop (residues 32-40) which are known to be involved in 
the interaction with GAP. This is probably the explanation 
for the dramatic lowering of affinity of p21 for GAP after 
GTP hydrolysis. In addition to this, there are differences in 
the loop around residue 60, which has also been implicated 
in the interaction with GAP and is possibly involved in the 
GTPase mechanism. 

It is of interest to note that the mode of binding of caged GTP 
at the active site of p21 in the crystal is completely different 
to that of GTP or GOP, although results from kinetics and 
NMR show the binding in solution to be very similar to that 
of GTP or GOP. This appears to be due to steric hindrance 
of the proper binding mode due to the neighbouring p21 
molecule in the crystal. Thus, the crystal packing forces 
are apparently sufficient to overcome the binding energy of 
caged-GTP. As seen from the structure immediately after 
photolysis of caged-GTP, this incorrect binding presents no 
problems for the approach adopted in this work. 

Further studies of this type should lead to clarification of 
the GTPase mechanism and the mechanism of oncogenic 
transformation in this system. 
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Bacterial protein biosynthesis (R. Leberman, 
M. Hartlein, M. Pavlov, J. Anselme, F. Borel, 
M-Th. Dauvergne, F. Thibault, D. Madern & S. Price) 

Seryl-tRNA synthetase 

Seryl-tRNA synthetase from Escherichia coli (SRSEC) is a 
dimeric protein with identical subunits of 430 amino-acids. 
The gene for this enzyme has been cloned and sequenced 
and from this the primary structure derived (Hartlein et al., 
1987). The enzyme has been overproduced and crystallized 
(Leberman et al., 1987). Progress on the structural analysis 
of this enzyme is described elsewhere in this report. 

Seryl-tRNA synthetase mutants 
(D. Madern & M. Hartlein) 

Using the increasing amount of structural information from 
the high resolution structure of the enzyme as a guide, we 
have extended our mutagenesis programme. Further to the 
mutants described in the last Research Report, we have 
constructed N-terminal insertion/deletion mutants using the 
plasmid ptrc as expression vector (Amann et al., 1988). To 
examine the possible role of the N-terminus in enzymatic 
activity, a clone coding for a fusion protein with 9 additional 
amino-acids (MEFDKHRIS) at the N-terminus of the wild-
type protein was constructed. This modified gene could be 
expressed to a high level and the mutant protein exhibited 
wild-type activity characteristics indicating that the structure 
of the N-terminus is not critical for the activity of the enzyme. 
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The structural analysis of the enzyme shows that the N-
terminal domain is composed essentially of 2 interacting 
a-helices. Two mutants were constructed in which this in-
teraction would be destroyed. The first was a fusion protein 
containing the wild-type enzyme sequence starting from 
residue 57 fused to the tripeptide MGN. This fusion protein 
can be expressed very strongly (ca. 50% of total cellular 
protein). However the protein is very insoluble indicating 
that the interaction of the 2 a-helices is important for protein 
solubility. A small amount of this protein was soluble and this 
was partially purified. This had no aminoacylation activity 
indicating that the a-helical region in the wild-type protein is 
probably involved in the catalytic functions of the enzyme. 
A second mutant protein containing the wild-type enzyme 
sequence starting from residue 68 fused to the peptide 
MGNSSSVP was expressed at a very low level as judged 
by immunoblotting. The loss of over-expression in this clone 
is possibly due to the deletion of a secondary structure 
(stem-loop structure) on the mRNA. Site-directed mutage-
nesis experiments undertaken to destroy this secondary 
structure without affecting the encoded enzyme sequence 
failed. Therefore we have started to change this region by 
replacing a wild-type restriction fragment with a synthetic 
fragment which will destroy this secondary structure. 

Comparison, by Northern blot analysis, of serS specific tran-
scripts in the wild-type synthetase over-producing clones 
and clones which lose the over-production property of mu-
tant proteins (site-directed mutants, deletion mutants; Re-
search Report 1988), show that there is no significant differ-
ence in the quantities of specific transcripts. This indicates a 



post-transcriptional regulatory mechanism. Further in vitro 
studies to clarify the regulatory mechanism(s) are under 
way. 

Neutron scattering studies (R. Leberman & 
M. Hartlein in collaboration with G. Zacca'i, ILL) 

Small-angle neutron scattering by the enzyme alone con-
firms the dimeric nature of the enzyme which was found to 
have a radius of gyration of 31.2±0.9 A. This value is large 
for a globular protein of this molecular weight. Large-angle 
neutron scattering curves of the enzyme are consistent 
with the dimeric enzyme being elongated or flattened with 
the inner part of the scattering curve corresponding with 
a molecule which may be cylindrical (h=88 A, d=44 A or 
an oblate ellipsoid (semi-axes, 45 A:45 A:15 A). The vol-
ume calculated for both these models conforms with that 
expected for the protein with a partial specific volume of 
O.75cm3 /g. 

From measurements of the radii of gyration of the enzyme 
alone and of the enzyme:tRNA (1 :2) complex, together with 
the relative scattering amplitudes of enzyme and tRNA, the 
distances between the centres of mass of the protein and 
RNA moieties were calculated. Assuming that the complex 
is symmetrical this value is 30 A and thus the distance 
between the two tRNA molecules is 60 A. 

Asparaginyl-tRNA synthetase (J. Anselme & 
M. Hartlein) 

The primary structure of asparaginyl-tRNA synthetase from 
Ecoli has been derived from the sequence of its gene 
and the enzyme has been purified by anion-exchange chro-
matography and gel filtration from an overexpressing con-
struct. The enzyme is composed of two identical polypep-

PLATE 58 

Leberman: Change in the translational diffusion coefficient of EF-Tu 
(A) and leucyl-tRNA synthetase (8) on titration with ammonium 
sulphate. 
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tides of 466 amino-acids with Mr 52,537. Comparison of 
the amino-acid sequence of asparaginyl-tRNA synthetase 
with all other known aminoacyl-tRNA synthetase sequences 
showed a significant homology with the yeast aspartyl-tRNA 
synthetase and weaker similarities with other aminoacyl-
tRNA synthetases for amino-acids with an XAX codon. In 
particular two conserved regions were found, in the central 
part and in the C-terminal part of the asparaginyl-tRNA 
synthetase (Plate 58). Since the homology in these regions 
may reflect the functional properties of these sequences, 
we are attempting to produce mutations in these two re-
gions. We will characterize the effect of the mutation by 
comparing the kinetic parameters of the mutated protein to 
those of the wild-type enzyme. Kinetic and substrate binding 
studies on asparaginyl-tRNA synthetase were performed in 
the laboratory of A. Fersht (Cambridge). These showed 
that asparagine and ATP are fixed in absence of other 
substrates, there is one site for asparagine and one site for 
ATP per mol of enzyme and that the binding of asparagine 
and ATP is random. The kinetic parameters, Km and kcat, 
for both asparagine and ATP were determined. 

tRNA 

The structural study of aminoacyl-tRNA synthetases and 
their complexes with their cognate tRNAs provides the pos-
sibility of studying specific protein:nucleic acid interactions. 
Thus one of our goals is to crystallize the complex between 
seryl-tRNA synthetase and tRNAser. For the crystallization 
trials we will require relatively large amounts of pure tRNA 
and to obtain this we are using several approaches. The 
most straightforward approach is to fractionate commercially 
available bulk tRNA. However, the tRNAser content of this 
material is not very high, is variable, and is distributed 
among five species. The alternative approach is to construct 
synthetic tRNAser genes and use these for either the in vivo 
or in vitro production of tRNA. 
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In vivo expression of synthetic tRNA genes 
(F. Borel, D. Madern, M. Hartlein & R. Leberman) 

The oligonucleotides for tRNAser and tRNAasn genes have 
been synthesised and cloning of the synthetic genes is in 
progress. 

In vitro expression of synthetic tRNA genes 
(D. Madern, S. Price, M. Hartlein & R. Leberman 
in collaboration with F. Eckstein, Gottingen) 

A synthetic gene for tRNArr containing a T7 promotor and 
a restriction site for runoff transcription was constructed by 
the group of F. Eckstein using M13 as vector. We recloned 
this in pUC 18. Plasmid DNA was isolated and purified and 
digested with Bst N1 to generate a DNA fragment containing 
the T7 promotor region and terminating with the sequence 
corresponding to the 3' -end of the tRNA transcript. This frag-
ment was then used for in vitro production of tRNNer using 
T7 RNA polymerase purified from an overproducing strain of 
E.coli. The published protocols for in vitro RNA expression 
using T7 polymerase produced gene:tRNA molar ratios of 
50 for a 22 h synthesis time. Modification of these protocols, 
particularly of the buffering conditions, led to gene:tRNA 
ratios of 500 for aSh synthesis time. Procedures have now 
to be developed for the purification of the tRNA, preferably 
with recovery of the DNA fragment. 

A similar project has been commenced for tRNAasn. 

tRNAselcys (S. Price & R. Leberman in collaboration 
with K. Forchhammer & A. BOck (Universitat 
Munchen)) 

In addition to the above method of producing tRNAser we 
are collaborating with the group of Prof. A. Bock on the 
interaction of the tRNA which is responsible for the incor-
poration of selenocysteine in bacterial proteins. This tRNA, 
which is the gene product of the salC gene, is first charged 
with serine by seryl-tRNA synthetase and the bound serine 
is then converted into selenocysteine. The salC gene has 
been cloned (Leinfelder et aI., 1988) and overexpressed 
and this overexpression system is now available to us. For 
the incorporation of selenocysteine into bacterial proteins 
a specific "elongation" factor is required to transfer the 
tRNAselcys to the ribosome (Forchhammer at al., 1989); a 
collaborative project on the structure of this protein is also 
underway. 

Isomorphous replacement in SANS (M. Pavlov & 
R. Leberman in collaboration with I. Serdyuk, 
Pushchino, and G. Zacca"i, ILL) 

The theoretical predictions of the recently proposed method 
of triple isotopic replacement in contrast variation (Pavlov 
& Serdyuk, 1987) were checked out on bacterial polypep-
tide elongation factor Tu, EF-Tu, and its complex with 
leucyl-tRNAleu . EF-Tu and tRNAwere isolated from bacteria 
(E.coli, MRE600) which had been cultivated in H20, 50% 
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D20 and 100% D20 media. From SANS measurements on 
these differently deuterated EF-Tu samples and their com-
plexes it was possible to extract the scattering curve of the 
protein within the complex in accordance with the theoretical 
prediction. Furthermore it was possible to demonstrate the 
possibility of making the tRNA in the complex invisible to 
neutrons in H20 solutions. 

Crystal/agenesis (F. Thibault, J. Langowski & 
R. Leberman) 

In addition to the seryl-tRNA synthetase we have, via over-
expression systems, access to large quantities of leucyl-
and asparaginyl-tRNA synthetases from E.coli. Despite 
many crystallization trials no crystals of these two enzymes 
have been produced. Dynamic light scattering has been 
proposed as a technique to study the pre-nucleation state 
in protein crystallization (Kam at al., 1978; Mikol, 1989). 
All previous studies have been concerned with small pro-
teins whose crystallization conditions had been previously 
established. We have chosen to compare by dynamic light 
scattering and maximum entropy analysis possible pre-
nucleation/crystallization conditions in ammonium sulphate 
solutions of two larger proteins one of which can and the 
other cannot be crystallized from such solutions. These 
proteins are bacterial elongation factor Tu and leucyl-tRNA 
synthetase respectively. 

Our first results (Plates 59 and 60) are in general agreement 
with results of Mikol and are compatible with his working 
hypothesis in that, on addition of ammonium sulphate, a 
marked decrease in the translational diffusion coefficient of a 
protein leads to amorphous precipitates whereas a constant 
diffusion coefficient leads to crystallization. 

NRSEC 225 

DRSSC 316 

KRSSC 317 

HRSEC 104 

NRSEC 

mssc 

KRSSC 

HRSEC 

429 
R 

511 Y C D G F I G L 

535 FeN ALE Y C G I 

273 T N S [E]G M G L 

283-300 

PLATE 59 

Sequence homologies between NRSEC and other synthetases of 
the XAX-family DRSSC, (Sellami at al., 1986); KRSSC (Mirande 
at al., 1988); HRSEC (Freedman et al., 1985). Residues identical 
with NRSEC are boxed. The position of the first aligned residue in 
each primary sequence is indicated. In the HRSEC sequence a gap 

between residue 283 and 300 was inserted in the alignment. 
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PLATE 60 

Distribution of diffusion coefficients for EF-Tu (left) and leucyl-tRNA 
synthetase (right, with broken line) and without added precipitant 
(solid line). The distributions were obtained through maximum en-
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Deuteration laboratory (M.-Th. Dauvergne & 
R. Leberman) 
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The main thrust of the deuteration laboratory throughout 
this year has been the production of deuterated proteins 
for NMR studies. In general these have been proteins 
which can be overexpressed in bacteria containing plasm ids 
bearing the gene for the desired product. The growth of 
these bacteria with retention of plasmid and/or expression 
of gene product in high concentrations of D20 met with 
varying success. The methodology we used in the case 
of adenylate kinase from E.coli (Research Report, 1988) 
could not be applied to other systems such as cyclic AMP 
receptor protein (R. King, MRC, Mill Hill), Arc protein (R. 
Kaptein, Utrecht) or seryl-tRNA synthetase. An alternative 
procedure was adopted, of adaptation of a suitable host 
strain to high concentrations of D20 and this was then 
transformed with the appropriate plasmid under the high 
D20 condition. This appears to be a promising approach to 
the question of perdeuteration although there are still some 
problems to be resolved. For neutron scattering projects we 
have supplied highly deuterated MRE 600 to T. Forsyth and 
W. Fuller (Keele) for the isolation of highly deuterated DNA. 

The crystal structure of seryl-tRNA synthetase 
from E.coll (S. Cusack, C. Berthet-Colominas, 
S. Curry, N. Nassar, R. Leberman) 

Seryl-tRNA synthetase from E.coli is a dimeric enzyme 
(2x430 residues) whose crystal structure has now been 
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tropy analysis of dynamic light scattering correlation functions (see 
J. Langowski, R. Bryan elsewhere in this report). 
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determined to 2.5 A resolution by x-ray crystallography. An 
essentially complete model (lacking only two short disor-
dered loops) has been constructed and refined to a current 
R-factor of 21.8%. 

The discovery at the end of 1988 of uranyl-acetate as a third 
heavy atom derivative, and the subsequent measurement at 
high resolution of derivative data on the Xentronics area de-
tector at EMBL, Heidelberg, finally permitted the calculation 
of a clearly interpretable electron density map of seryl-tRNA 
synthetase at 2.8 A resolution. Details of the crystallographic 
structure determination are given in Table 7. The final map 
used for model building was based on three derivatives 
(uranium acetate with 9 sites, ethyl-mercury chloride with 
two sites and dysprosium chloride with 1 site) and improved 
by solvent flattening (solvent c.ontent about 65%). Using the 
BONES option of FRO DO the main chain was rapidly almost 
completely traced and a full atomic model subsequently 
constructed using the fragment fitting method (Jones & 
Thirup, 1986). A model lacking two loops (residues 221-231 
and 272-280) was then subject to molecular dynamics 
refinement (with an average temperature factor) bringing the 
R-factor quickly down from an initial 45% to 27% (all data 
above 6 A resolution). Manual correction of errors followed 
by further refinement runs (including individual atomic tem-
perature factors, but no solvent) has led to two models: one 
with an R-factor of 18.6% refined against native data at 2.8 A 
resolution, and one with an R-factor of 21.6% refined against 
data from crystals containing ATP+serine at 2.5 A resolution 
(collected using the image-plate at the EMBL, Hamburg 
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Table 7 

Statistics of data collection and data analysis 

Derivative Native DyCI UAc EtHgCI ATP+serlne 

Detector Xentronics Film Xentronics Xentronics Imageplate 
Wavelength( A) 1.54 1.43 1.54 1.54 0.98 
Total # ref Is (# xtal) 38631 (2) 49034 (12) 30128 (1) 31057 (2) 72569 (2) 
Unique refls (%) 18573 (88%) 17918 (90%) 18269 (91%) 13953 (77%) 28046 (98%) 
Resolution limit 2.75 A 2.8A 2.8A 2.9A 2.5A 
Rmerge(l) 0.059 0.059 0.068 0.067 0.059 

Number of heavy atom sites 1 9 2 
Isomorphic difference 0.11 0.20 0.11 
R Cullis 0.69 0.41 0.67 
Anomalous scattering used? Yes Yes No 
Phasing power: all reflections (highest shell) 1.43 (1.09) 5.80 (4.06) 1.50 (0.94) 

Mean figure of merit to 2.8 A 

Outstation). The models are not significantly different and 
so far there is no evidence of bound substrates. The two 
disordered loops still cannot be placed with any confidence. 
Refinement was able to proceed rapidly thanks to the 
installation in October 1989 of an Ardent (now Stardent) 
Titan 2 supergraphics workstation at the Outstation and the 
implementation on it of the GROMOS molecular dynamics 
refinement developed by M. Fujinaga (Fujinaga et al., 1989) 
who is now an Outstation staff member. 

Seryl-tRNA synthetase shows two extraordinary structural 
features (see Plate 61) which demonstrate that it is un-
related to the three other synthetases whose structures 
are known (Tyr-, Met- and most recently -Gin, complexed 
with tRNA; Rould et al., 1989). The structure is in two 
"domains": the N-terminal 101 residues form a unique 60 A 
long arm which projects out into solution and is composed 
of an antiparallel coiled-coil of a-helices; the remaining 
residues form a large "globular" domain based around a 
seven-stranded anti parallel ,B-sheet (Plate 62). The protein 
contains no classical nucleotide-binding (Rossmann) fold, 
which is characterized by parallel ,B-sheet with connecting 
a-helices, and which forms the active site of the three 
other known synthetase structures as well as many other 
ATP-binding proteins. 

The helical arm contains two very long anti parallel helices 
(residues 27-64 and 69-101) connected at the extremity 
by a tight loop. Of the 75 residues in this structure, 30 
are charged (with a net negative charge of 2-), many of 
which are involved in inter- and intra-helical salt bridges. 
The structure is also stabilized by a hydrophobic core; 
in particular there are five leu-leu or ile-Ieu inter-helical 
interacting pairs, three of which are arranged in heptad 
repeats. Thus this is the first three-dimensional structure 
of the so-called "leucine zipper" motif (Landschulz et al., 
1988) which has been increasingly found in DNA bind-
ing proteins, although there is evidence that in some of 
these cases the "leucine zipper" mediates the interaction 
of long parallel helices. We can only speculate at this 
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0.69 (16054 reflections) 

stage that in seryl-tRNA synthetase this structure acts as 
an extended strut to support the anti-codon end of the 
tRNA. 

The large globular domain forms a deep cave, floored by the 
anti-parallel sheet and rimmed by a number of loops from 
various parts of the sequence. This is the putative active 
site. One of these loops is somewhat disordered (residues 
272-280) but appears to form a flexible "lid" over the active 
site. However it is just in this region (255-290) that there 
is the strongest sequence homology between the yeast 
and E.coli seryl-enzymes and with the threonyl-enzymes, 
emphasising the functional importance of these sequences 
and perhaps suggesting that threonyl-tRNA synthetase is 
in the same structural family. It happens that in the crystal 
this important loop interacts with the other disordered loop 
(221-231) in a separate molecule and this may account 
for the current lack of success in finding bound ATP or 
seryl-adenylate in the crystal. 

Conditions have been found whereby seryl-tRNA synthetase 
crystals can be frozen undamaged to liquid nitrogen temper-
atures. Test experiments at Hamburg show that under these 
conditions the diffraction limit apparently increases slightly 
to 2.2 A and it is hoped to collect a dataset at this resolution 
in the future with the advantc.ge of long crystal lifetime that 
the low temperature gives. In another project, low reso-
lution neutron data has been collected (on the EMBLIILL 
diffractometer DB21) on the crystals with various levels 
of 0 20 in the mother liquor (collaboration with M. Roth, 
Grenoble). It is hoped that the contrast variation method 
might enable information to be obtained on the location 
of the detergent that is necessary for the crystallization of 
seryl-tRNA synthetase. In a further collaboration, crystals of 
seryl-tRNA synthetase from Thermus thermophil us grown 
by M. Garber (Moscow) have been characterized and pre-
liminary data collected on the FAST detector installed at 
the CNRS in Grenoble. The crystals diffract to very high 
resolution and are of space-group P21 (a=87 A, b=127 A, 
c=63 A, b=109.6°). 
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PLATE 61 

Carbon-alpha ribbon diagram of the dimer of seryl-tRNA synthetase 
with the 2-fold axis vertical. 

PLATE 62 

Schematic diagram of the topology of folding of seryl-tRNA syn-
thetase monomer with the major secondary structure elements 
indicated (not to scale). 
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Adenovirus proteins (C. Chatellard, J. Chroboczek, 
M. Cuillel, B. Jacrot, C. Rizo & F. Bieber.) 

The fibre 

Last year the Ad2 fibre trimeric protein was expressed in 
E.coli as a fusion protein. The expressed protein was a 
trimer, but appeared to have a structure much less compact 
than that of the native fibre. We suppose that the fusion part 
may prevent the correct folding. We therefore cloned the 
fibre gene without fusion for expression in the T7 system. 
For this purpose, a new restriction site was created by 
site-directed mutagenesis just before the initiation codon of 
the fibre gene. In parallel, the N-terminal half containing a 
part of the tail of the fibre (aa 1-229) was expressed. 

Both proteins remain insoluble, as does the fusion fibre 
protein, and the same approach was used for the solubi-
lization of these recombinant proteins. They are extracted 
and solubilized with buffered urea (4 to 6 M) and then a 
slow removal of urea with concomitant column fractionation 
is performed. The proteins are now characterized by cross-
linking, proteolytic digestion and biophysical analyses. 

Similarly, nonfused Ad3 fibre protein was expressed in 
E.coli and found to be insoluble. The purification pro-
cedure is somewhat easier than for the fused one, re-
sulting in a two times higher yield. Preliminary electron 
micrographs show a homogeneous population: the fibre 
appears as an elongated molecule terminated by a tri-
angular head. This observation indicates a better self-
assembly of the fibre protein without fusion at the N-
terminus. Indeed, the first results of cross-linking and of 
proteolytic digestion suggest that this recombinant fibre 
is a trimer partially resistant to proteolysis, as is ex-
pected for a properly folded trimer. At this stage, compar-
ison with the native fibre becomes important. We, there-
fore, started purification from Ad3-infected cells (kindly 
provided by C. Tibbetts). The immune serum obtained 
against Ad3 recombinant fibre is used for the localisa-
tion of Ad3 native fibre and Ad3 penton. Measurements 
from electron micrographs of these two molecules were 
performed in collaboration with Annie Barge and Rob 
Ruigrok. 

In the hope that the protein expressed in the eukaryotic 
system might prove to be soluble, we introduced the Ad3 
fibre gene into inducible and constitutive yeast vectors. With 
the inducible promotor, no synthesis of fibre was detected. 
In the second case, after transformation of the yeast with 
the appropriate plasmid, the growth of the cells was totally 
inhibited whereas the yeast with non-recombinant plasmid 
or plasmid with the Ad3 gene in a wrong reading frame 
exhibited normal growth properties. The lack of expression 
of Ad3 fibre protein could stem from the lack of certain 
necessary tRNA or from fibre toxicity. 

Protein II/a 

Recombinant protein lila of adenovirus, both wild-type and 
ts 112 mutant, were characterized and compared by bio-
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chemical and biophysical techniques. For the purification 
of both species 2 M urea was used; the urea concentra-
tion could be diminished by dialysis. Recombinant proteins 
are fully soluble in 1 M urea. Renaturation when followed 
by fluorescence emission spectra occurred between 8 M 
and 2 M urea. In controlled proteolysis the same pattern 
was observed for both the native and the mutant protein. 
These proteins could be similarly phosphorylated in vitro 
with protein kinase C and radioactive ATP. The shape of the 
protein was determined by sedimentation, light scattering 
and neutron diffraction; it was found to be very elongated 
with a length of around 18 nm and a diameter of about 
2.8 nm. The shape determination was confirmed by elec-
tron micrographs. This shape provides an explanation for 
the fact that in the virion protein ilia is accessible on the 
surface of the protein but can also be cross-linked to the 
core. 

Sequence of adenovirus type 5 genome 

We can now compare the sequence of all the structural pro-
teins of adenovirus type 2 and 5, two types which are very 
closely related. There is a very spectacular contrast between 
the fibres (31 % difference between the two serotypes), the 
hexons (13.7% difference) and proteins IX and VII which 
are fully conserved. For the other structural or late pro-
teins, the differences are of the order of 1 %, similar to 
the differences found for the products of the early genes 
E1 and E2. We are now working on the interpretation of 
these results, in particular from the point of viral evolu-
tion. 

Tyrosyl-tRNA synthetase (TyrRS) from wheat germ 
(J.-P. Quivy & J. Chroboczek) 

After the purification of the enzyme, the aim of this work is to 
find and sequence the gene of the wheat germ TyrRS. The 
method used to find this gene is to screen either a lambda 
phage library containing wheat DNA (EMBL 3 for genomic 
DNA, gt 11 for cDNA), or Southern blots carrying total wheat 
germ DNA, by hybridization with an appropriate DNA probe. 

At first, the wheat germ TyrRS was subjected to N-terminal 
Edman degradation to get the N-terminal amino-acid se-
quence to deduce the sequence of an oligonucleotide probe, 
but the N-terminus was found to be blocked. In parallel, 
we tried another approach by using an oligonucleotide 
probe deduced from sequence alignment of the three TyrRS 
sequenced up to date (E.co/i, B.stearothermophilus and 
mitochondrial from N.crassa). A region of 21 nucleotides 
was found with close homology and the appropriate mix 
of oligonucleotides was prepared. No positive signals were 
detected either with the lambda libraries, or with the South-
ern blots. Experiments of the same kind were carried out 
by using the total gene of mitochondrial N.crassa TyrRS 
(a gift from A. Lambowitz, Ohio State University), without 
success. We came back to the enzyme purification and 
upgraded the purification scheme by introducing a new 
column and reducing the time scale of the process to 
obtain a relatively pure protein in 10 days. The protein was 



then electro-eluted from a preparative SDS-PAGE gel and 
hydrolyzed into small peptides (5 to 10k) by proteolytic 
enzymes. These peptides will be purified by HPLC and 
sequenced. 

In parallel, we are trying to obtain antibodies directed against 
the B.stearothermophilus TyrRS (a gift from D. Blow, Impe-
rial College, London), in the hope that these antibodies will 
cross-react with the wheat germ TyrRS. We still cannot use 
wheat germ TyrRS directly to produce antibodies, because 
the yield of the purification is too low. Cross-reacting anti-
bodies will allow us to screen by immunological techniques 
the wheat germ TyrRS expressed in the cDNA lambda gt 11 
expression library and to find the coding region of the wheat 
germ TyrRS gene. 

Adenovirus fibre (R.W.H. Ruigrok, A. Barge, 
S. Dayan & C. Albiges-Rizo) 

The adenovirus fibres of different sub-types have a very 
similar structure. They consist of a conserved N-terminal 
part, a shaft with a variable number of 15 amino-acid repeats 
(Green et al., 1983) and a C-terminal head portion that 
is not completely conserved but has the same size and 
overall structure in all the sub-types of which the fibre 
amino-acid sequence is known. Adenovirus type 2 fibres 
in crystals appeared to be longer than published previously. 
We therefore examined isolated fibre by negative stain elec-
tron microscopy and measured a length of 37 nm, agreeing 
with the length found in the crystals. The N-terminal end 
of the fibre appeared to be the cause of an apparent 
variability in length which may, at least partially, explain 
the values of 28 and 31 nm published before. We then 
compared the fibre lengths of adenovirus type 2 (with 22 
15-residue repeats) and 3 (with only 6 repeats) to calculate 
the shaft length per repeat. We derived a contribution of 
1.32 nm to the length of the shaft per 15 amino-acid repeat. 
Using this value and the size of the head (5 nm) we could 
calculate that about the first 50 N-terminal amino-acids of 
the fibre insert into the penton base (the first 49 residues 
are almost fully conserved between the sub-types and af-
ter these there are many differences) and that the bend 
sometimes observed in the shaft (and which is related to 
the heterogeniety in length) is situated at the position of the 
third repeat. This repeat is substantially different from all 
other repeats. 

Apart from this work on the native fibre, Annie Barge has 
spent much time on studying the fibre of type 2 and 3 
expressed in Ecoli. The daily collaboration between the 
electron microscopist and the biochemists (J. Chroboczek, 
C. Chatellard & C. Albiges-Rizo) has proven very fruitful. 

recA protein (R.w.H. Ruigrok in collaboration 
with E. DiCapua (Univ. Edinburgh) & P. Timmins 
(ILL, Grenoble)) 

The recA protein of Ecoli mediates the strand exchange 
step in homologous recombination. There exist two forms 
of recA polymers: the compact form of the self polymers 

and the recA complexes with single-stranded DNA in the 
absence of ATP, and the open form of the recA complexes 
with single- or double-stranded DNA in the presence of ATP. 
Only recA in the open form can hydrolyze ATP and induce 
the cleavage of the Ecoli LexA protein (the represnor of the 
SOS genes). Recently, Pugh & Cox (1988) found that recA 
in high salt (",1 M) could hydrolyze ATP even in the absence 
of DNA. We have characterized the structure of recA self 
polymers and recA-DNA complexes with and without ATP, 
as a function of the salt concentration, using small-angle 
neutron scattering. As characterized by the cross-sectional 
radius of gyration and a subsidiary maximum at higher 
angles, we found that the self complex in the presence of 
ATP changes its structure from the compact to the open 
form with increasing salt concentration. Apparently, salt has 
the same effect on the recA structure as DNA. Salt did not 
induce structural changes in the compact complexes when 
ATP was not present. Additionally, the recA self polymer 
also induces LexA cleavage in high salt (preliminary re-
sult). 

Influenza virus glycoprotelns (W. Burmeister, 
S. Dayan, S. Cusack & R.W.H. Ruigrok) 

Influenza viruses are enveloped viruses with their RNA 
genes and some internal proteins inside the lipid enve-
lope and with two glycoproteins (haemagglutinin (HA) and 
neuraminidase (NA)) embedded in the lipid sticking out-
wards. Both HA, a homotrimer, and NA, a homotetramer, 
of influenza A viruses have been studied extensively and 
their atomic structures are known. We decided to study the 
glycoproteins of the influenza B virus which, as judged from 
their amino-acid sequences, may have similar structures as 
their A counterparts but will differ considerably in detail. 

We obtained influenza B/Beijing/1/87 from the Institut 
Merieux. In collaboration with R.S. Daniels (MRC, Mill Hill, 
London) both the HA and NA genes were sequenced 
via direct RNA sequencing by primer extension using re-
verse transcriptase. The sequences indicated a number of 
changes compared to other B virus sequences, in line with 
the observed antigenic drift of the B virus glycoproteins. 

NA was isolated by trypsin digestion which removes the hy-
drophobic membrane anchor. The resulting NA heads were 
purified and characterized biochemically and structurally. 
The NA was crystallized into two crystal forms (trigonal, 
P3221 or P3121 and tetragonal plates, P422). A full x-ray 
data-set to 2.2 A resolution was collected at the Hamburg 
synchrotron and processed. The next step will be to solve 
the structure by molecular replacement using the A virus NA 
coordinates. 

HA can also be prepared by protease digestion. Bromelain 
was used to remove the membrane anchor and the released 
HA-ectodomain has been purified. Characterization of iso-
lated HA shows it to be similar to the A virus bromelain 
released HA that was used for crystallization. However we 
still have difficulties in concentrating the B virus HA for 
crystallography. This may be due to the fact that the B virus 
HA undergoes its low-pH conformational change at relatively 

187 



high pH (6.2 at 37°C) which is related to the stability of the 
protein. 

Superhellcal and curved DNA solution structure 
(W. Kremer & J. Langowski in collaboration with 
M. Adrian (Lausanne), S. Diekmann (Gottingen) & 
J. Dubochet (Lausanne» 

The structure of unusual DNA sequences, such as curved 
DNA, left-handed and triple helices, and cruciforms, has 
become a major topic of interest. It has, for instance, re-
cently become evident that curved DNA sequences play 
an important role in the integration of bacteriophage A. 
We have started studies that are aimed at determining 
the sequence-specific structure of curved DNAs in solu-
tion, as well as their influence on the structure of larger 
superhelical DNAs. The curved sequences investigated are 
of the form [d(A)md(N)10-m1n, where 1 $m$4 and 6$n$8; 
the nucleotide sequences are chosen in such a way that 
the average (GC)-content is the same for all sequences. 
These sequences were constructed by Stephan Diekmann 
(Gottingen); we subclone them to prepare mg amounts of 
linear fragments of 60D-700 bp by EcoRV cleavage, which 
carry the curved sequence approximately in the centre. 
Fragments of this length should be most sensitive to a 
permanent bend in their centre. The hydrodynamic prop-
erties of the linear fragments and the supercoiled DNAs 
carrying them are analysed by dynamic light scattering. A 
systematic study of the diffusion coefficients of the linear 
fragments will for the first time allow us to measure the 
bend angle of the inserted sequence. So far, gel mobility 
studies have been done, showing a retardation for curved 
DNAs, which allows no conclusions on the bending angle; 
likewise, electron microscopy studies which were done on 
carbon grids might suffer from the known salt effects on 
DNA curvature. The curved inserts influence the solution 
structure of the superhelix. A comparison between six plas-
mids carrying inserts of different curvature shows a clear-
cut difference in the gel migration patterns of topoisomer 
distributions, which cannot be attributed to a change in 
the DNA helix pitch alone. One possibility to explain this 
result is that the curve, which is known to locate itself 
in the end loops of an interwound superhelix, makes the 
end loop more "bendable", thus changing the total writhe 
of the superhelix. A similar effect has recently been pre-
dicted by Tan & Harvey (1989) from a molecular dynamics 
simulation. On the other hand, the DNAs with the curved 
inserts could assume a shape which is completely different 
from the non-curved controls. Such shape changes have 
been observed by electron microscopy when several curved 
inserts are present in a single supercoiled DNA (Laundon 
& Griffith, 1988). We have first results from vitreous ice 
electron microscopy (collaboration with Jacques Dubochet 
and Marc Adrian, Lausanne) which indicate that the shape 
of the supercoil is indeed affected by the presence of the 
curve, the curved DNA showing significantly more branched 
structures than the non-curved DNA. The vitreous ice stud-
ies will be continued on the linear fragments, eventually 
leading to three-dimensional images of curved DNA with 
the possibility of determining sequence-dependent flexibility 
and curvature. 
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Maximum entropy analysis of dynamic light 
scattering data (J. Langowski in collaboration 
with R. Bryan (Heidelberg» 

Analyses of dynamic light scattering (DLS) data by the 
maximum entropy method, which we had reported on in 
the previous report, have been continued in greater de-
tail. A new version of the MEXDLS program based on a 
new algorithm by Richard Bryan (EMBL Heidelberg, see 
this Research Report) runs much faster than the previous 
version, converges more reliably, and allows us to calculate 
independently the scaling of the experimental noise and the 
most probable baseline value. With this we can analyse 
DLS data without initial knowledge of these parameters. 
Together with the newly acquired Ardent Titan supercom-
puter at the Outstation, MEXDLS now allows us to analyse 
systematically all DLS data collected within a reasonable 
amount of time. We have completed a systematic study 
of DLS data from multicomponent solutions, using both 
simulated data and data measured on different mixtures 
of polystyrene latex spheres. The study showed that the 
data from mixtures of two species can be reliably separated 
into two components only when their diffusion coefficients 
differ by at least a factor of 3. We have also compared 
the results from our analyses to results obtained with the 
CONTIN program, and to data from Nyeo & Chu (1989) who 
used an earlier version of the maximum entropy algorithm. 
The new MEXDLS algorithm shows superior resolution in 
both cases. 

EcoRV restriction endonuclease/DNA 
Interaction (J. Langowski in collaboration 
with A. Pingoud & U. Selent (Hannover) 
& P. Timmins (ILL Grenoble» 

The restriction endonuclease EcoRV recognizes and 
cleaves the sequence GATATC with high specificity. The 
precise nature of the enzyme-DNA interaction is not known 
yet, and its knowledge will greatly contribute to our un-
derstanding of protein-DNA interactions and the mecha-
nism of action of restriction enzymes. EcoRV is a dimer 
with a molecular weight of 29,000 per monomeric subunit. 
The crystal structure of the enzyme has recently been 
elucidated by Winkler, the resolution allowing tracing of 
the peptide backbone. The two halves of the dimer form 
a structure with a pronounclld cleft in the center. Co-
crystals of EcoRV with non-specific oligonucleotides have 
been obtained, but not analysed to high resolution; how-
ever, from the crystallographic data available it seems that 
the dimer halves have to "'open up" to accommodate the 
DNA. This is also probable from a computer analysis of 
the free enzyme structure; the two dimer halves can only 
accommodate a B-DNA structure if they are slightly tilted 
away from each other. Neutron scattering experiments to 
test this hypothesis have been performed on 011. We 
measured the radius of gyration of free EcoRV and its 
1:1 (dimerlDNA double-strand) complex with a specific 
(d-AAAGATATCTT) and a non-specific (d-AAAGATATUTI) 
oligonucleotide. In both cases, Rg increased by approx. 
20%, an increase which cannot be explained simply by 
outside binding of the DNA. We may therefore conclude 



that the enzyme undergoes a conformational change on 
binding of DNA, and probably also on addition of Mg2+. 
The neutron scattering studies have been complemented 
by DLS measurements, which proved valuable for find-
ing conditions of low aggregation, and for measuring the 
hydrodynamic radius of the protein and the proteinlDNA 
complexes. The studies on EcoRV will be continued by mea-
suring more precisely the high-angle part of the scattering 
curve and the conformational change in the presence of 
Mg2+. 

Solution structure of micelles (J. Langowski 
in collaboration with H. Bewersdorff (Dortmund), 
P. Lindner (ILL Grenoble) & R. OberthOr (JOlich)) 

The measurements of the solution structure of the drag-
reducing surfactant tetradecyl-trimethyl-ammonium bromide 
(nAB) have been continued. Through a combination of 
neutron scattering with static and dynamic light scattering it 
could be established that nAB micelles in solutions at rest 
at room temperature form long rods of an average length of 
248 nm. Orienting the micelles in a laminar shear gradient 
leads to an increase of the rod length. In turbulent flow, the 
micelles are broken down into smaller pieces part of which 
build up loose but lasting superstructures. The dynamic 
light scattering spectra show a clearly bimodal distribution 
of relaxation times for these samples; we interpret this as 
a translational diffusion of the large aggregates coupled to 
internal motions of the small subunits. 

Solvation of halophilic enzymes (J. Langowski 
in collaboration with C. Ebel (ILL Grenoble), 
C. Urbanke (Hannover) & G. Zacca·j (ILL Grenoble)) 

Studies were done to elucidate the solvation of elongation 
factor Tu from Halobacterium marismortui (hEFTu) in NaCI 
and KCI solutions. Through a combination of neutron scat-
tering, dynamic light scattering and analytical ultracentrifu-
gation, the partial specific volume 6p1CC2 could be obtained 
with sufficient precision to evaluate the amount of salt and 
water associated with the protein as a function of ionic 
strength. It is found that the protein binds 1 g of H20/g of 
protein, which is a very high amount compared to most non-
halophilic proteins, where the hydration is typically 0.2 gIg. 

Detector group (A. Gabriel & F. Dauvergne) 

The activity of the group is dedicated to the detection of x-
rays mainly for synchrotron radiation where EMBL detectors 
are very powerful thanks to their simplicity and high counting 
rate. Up till now this is the only kind of detector that has 
enabled time-resolved x-ray experiments to be performed 
on synchrotron sources. 

Linear, quadrant and two-dimensional position-
sensitive detectors for x-ray applications 

The design of the following position-sensitive detectors for 
x-ray or particle detection is based on the proportional 
chambers developed at EMBL. These detectors are now in 
full routine operation in a great number of laboratories with 
either classical x-ray sources or synchrotron radiation. 

Electronics arrangement and data acquisition systems 

(i) The arrangement of the electronics in NIM modules is 
common to all types of detectors. 

(ii) All detectors and their electronics can be provided with 
two types of data acquisition systems, either with a low 
counting rate of 5 104 countslsecond or a high counting 
rate of 5 105 counts/second. 

I low counting rate I 
./ PCAT 

I II NEAR r---------'..-/::;......, 
ELECTRONICS 

r 1\ '\."., NIM MODULES \ QUADRANT ________________________ 

\l-Y 

2-D 

DATA ACQUISITION 
CAMAC MODULES 

PC AT UAM 

I Fast counting rate 

PLATE 63 

Table 8 

Sealed or non-sealed gas detector 

Linear 2-D Quadrant 

Spatial 
resolution 250J.Lm 1 x1 mm 1 x1 mm 

Rate capacity 4.105 cIs 4.105 cIs 4.105 cIs 
5.104 cis 5.105 cIs 5.105 cIs 

Active area 80x8 mm mm 200 mm 

600 detection 
efficiency 85% 85% 85% 

Gas 
composition Xe-C02 Xe-C02 Xe-C02 

Window Be .5mm Be .5mm Be .5mm 

High pressurized detectors 

The use of carbon fibres for the entrance window allows the 
pressure of the detecting gas in the detector to be increased 
and to reduce the problem of the parallax error. The parallax 
error appears when the angle of incidence of the photons 
increases and, inversely, the spatial resolution decreases. 
Carbon fibres are being studied in our group to compare 
their properties with those of beryllium which is normally 
used in this field. Absorption, x-ray scattering and testing at 
high temperature lead us to think that the interest of this new 
material is obvious for technical applications in synchrotron 
radiation and thus avoiding the use of beryllium. 
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Wire-frame device for the realization of 
proportional localization chambers 

A device has been built for producing the wire arrays 
which constitute the core of every localization chamber. 
This device has been tested for arrays of 6 I'm gold-plated 
tungsten wire, with 0.5 mm wire separation. Currently wire 
frames up to 300x300 mm can be made, but the prin-
ciple allows for a considerable extension of these dimen-
sions. 

Description of the device 

To realize such a device, two factors are essential: (1) 
precision in the positioning of the wires; (2) measure-
ment and dynamical control of the mechanical stresses 
applied to the wires. A method employing electromechan-
ical means controlled by a microcomputer has been de-
veloped. The instrument comprises firstly a precisely flat 
table which supports the rest of the mechanism. A slide 
which can translate in the x- and y-directions carries the 
wire spool and its tension regulating system, thus weav-
ing the wire array at the desired separation. The pre-
cise positioning of the wires is assured by combs at ei-
ther end of the back and forth trajectory of the mobile 
slide. The wire tension is checked by the so-called zero 
method, consisting of a spring which permits continuous 
adjusting of the stress on the wire, counterbalanced by 
an electromagnetic force which ensures the dynamic reg-
ulation of the stress when the mobile slide is in motion. 
An opto-electronic system controls this electromagnetic 
force. Thus, the wire tension is maintained with a pre-
cision of a few milligrams at a spooling speed of 3 em 
s-1. 

Future projects 

Recent developments in scintillating fibres should enable 
us to develop a detector with an image intensifier. Such 
detectors, currently being studied at CERN, are expected 
to supply positioning and timing information. This possibility 
should be carefully considered as it would enable time-
resolved experiments to be performed. 
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