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Signal transduction by a tyrosine kinase-type growth factor receptor 
(example: PDGF receptor). The diagram shows a receptor ag-
gregated into a homodimer following binding to two molecules of 
ligand. The cytoplasmic domain of the receptor (which harbours 
the kinase domain) becomes activated to I phosphorylate itself at 
tyrosine residues which then become high-affinity interaction sites 
for a number of proteins (including Ras-GTPase activating protein, 
phospholipase "Y, PI 3-kinase and members of the Src family of 
tyrosine kinases) all of which contain SH2 domains. Thus assem-
bled into a "transductosome", these proteins have potentially altered 

their activity due to a changes in their subcellular localization, 
phosphorylation by the receptor and conformational change caused 
by binding. By mechanisms which are still poorly understood, but 
which involve a further set of proteins including Ras, SH2/SH3 
domain-containing "adaptors", and various protein kinases (X,Y), 
the signal travels from the "transductosome" to the nucleus. Here 
it elicits the transcription of certain genes, the products of which in 
turn trigger DNA-synthesis and the transcription and translation of 
genes necessary for duplication of the cell. See also report of Sara 
Courtneidge. 
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Cell Biology Programme 

Introduction 

The main challenge in contemporary cell biology is to under-
stand the basic mechanisms for generating and maintaining 
cellular organization. This is the challenge that the Cell 
Biology Programme is trying to meet both thematically and 
methodologically. We are trying to develop a wide enough 
range of experimental themes within the Programme itself, 
and to integrate these into a functional whole. The four areas 
on which we are presently concentrating are membrane 
trafficking, microtubular and intermediate filament networks, 
the cell cycle and the cell nucleus. These themes together 
provide a comprehensive view of cell organization in time 
and space. 

Studies of cellular organization at the molecular level ne-
cessitated a departure from the traditional ways that cell 
biologists had been using to study cells. Assays had to 
be developed in which complicated processes could be 
studied in the test tube or in permeabilized cells. Several 
such assays have been developed by different groups in 
the Programme during recent years. The main emphasis 
is now on identifying the components of the machinery re-
sponsible for membrane trafficking, cytoskeletal and nuclear 
pore function and cell cycle regulation. These processes 
are being studied in different experimental systems with 
a combination of biochemical, genetic and morphological 
methods. Novel proteins 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. 

One family of proteins involved in regulating membrane 
traffic is the Rab subfamily of GTP-binding proteins. More 
than thirty such proteins have now been identified. These 
proteins have been localized both to the secretory pathway 
and to the endocytic routes. A comprehensive characteri-

zation of these proteins both structurally and functionally is 
under way in the Programme. These proteins might provide 
functional markers for all the membrane transport steps in 
the cell. 

Although our tools for studying the basic mechanisms for 
generating and maintaining cellular organization have been 
continuously improved during the last decade, it is obvious 
that these tools have to be improved. This is another impor-
tant task of the Cell Biology Programme. One example is 
the collaboration with the confocal light microscopy group in 
the Physical Instrumentation Programme to develop micro-
scopic assays for cellular functions both in living cells and in 
reconstituted systems. We are trying to mirror the dynamic 
interactions between organelles in their cellular context 
by using both destructive and non-destructive intervention. 
Such assays are already being used to study microtubule 
dynamics, membrane traffic and intermediate filament func-
tion. The characterization of the machinery responsible for 
cellular organization will demand novel methodology where 
context will be more important than in the assays previously 
used in biochemistry and molecular biology. EMBL is the 
ideal environment for such an integrative effort. 

Two groups have left the Programme during 1992. Bernhard 
Dobberstein moved to take up a professorship at the Uni-
versity of Heidelberg. He was one of the founding members 
of the Cell Biology Programme and has contributed greatly 
to its international reputation. Thomas Kreis has become a 
professor at the University of Geneva where he will continue 
his important work on microtubule function and membrane 
traffic. Tony Hyman from the University of California, San 
Francisco, will join the Programme in January 1993 to work 
on microtubule function in chromosome segregation and on 
cytokinesis. 

5 



The generation and maintenance of surface polarity in epithelial cells and neurons 

Group leader: K. Simons 

Scientist: C. Dolli 

Fellows: P. Dupree, K. Fiedler, M. de Hoop*, L. Huber, E. Ikonen*, T. Kobayashi*, T. Kurzchalia*, V. Olkkonen, S. Pimplikar 

Visitors: C. Frederiksen*, J. Peterson*, A. Zissopoulou* 

Assistants: L. Meyn, H. Virta 

In multicellular organisms, cells are differentiated. into cell 
types differing in architecture and organized in such a way 
that they can perform their different functions. Epithelial 
cells and neurons are characterized by their stably polarized 
cell surfaces. Epithelia are cellular sheets that separate 
compartments of the organism. The cells in a simple ep-
ithelium are linked through junctional complexes to form a 
permeability barrier. These cellular sheets perform a variety 
of vectorial functions in transporting and secretory epithelia 
which reflect the polar organisation of the epithelial cell. The 
plasma membrane of each cell is divided into two domains: 
an apical domain facing the external milieu and a basolateral 
domain which is in contact with the internal environment and 
the blood supply. These plasma membrane domains have 
different lipid and protein compositions. 

Also neurons are characterized by a cell surface organi-
sation in which proteins are segregated and maintained in 
discrete functional domains. The nerve cell plasma mem-
brane is much more complicated in its architecture than 
that of the epithelial cell surface. However, a fundamental 
dichotomy is the segregation of proteins into pre-synaptic 
and post-synaptic regions. In some neuronal cells, the cell 
surface can be roughly divided into two territories: the axonal 
domain and the somatodendritic domain comprising the 
cell body and the dendrites. The pre-synaptic terminals are 
usually axonal and the post-synaptic sites somatodendritic. 
A major question in nerve cell architecture is how the neuron 
segregates the axonal and the dendritic surface proteins 
from each other. Does this process have anything in com-
mon with the mechanisms that epithelial cells make use of 
to establish their polarized cell surface organisation? 

We are using two experimental systems to study how cell 
surface polarity is generated and maintained: Madin-Darby 
canine kidney (MDCK) cells and freta I rat hippocampal 
neurons. The MDCK cell is a dog kidney cell-line that grows 
on permeable supports to form a polarized epithelial sheet 
that mimics the epithelial organisation seen in vivo. Cul-
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tured freta I rat hippocampal neurons 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 pro-
cesses start to elongate to become the cell's dendrites. 
Finally, the axons form synapses with the dendrites and 
cell bodies of other neuronal cells in the culture. These 
mature neurons have been studied extensively and display 
the characteristics of hippocampal neurons in situ, including 
the segregation of axonal and dendritic marker proteins to 
their correct destinations. 

Biosynthetic sorting in the trans-Golgi network 
(P. Dupree, K. Fiedler & T. Kurzchalia) 

Our working model for the constitutive delivery of membrane 
and secretory proteins to the apical and basolateral domains 
in MDCK cells consists of two pathways from the trans-Golgi 
network (TGN). Several lines of evidence are suggesting 
that the sorting into the apical pathway is based on specific 
recognition event&. Not only do apical proteins have to 
be recognized by specific sorting proteins but glycosph-
ingolipids and glycosylphosphatidyl inositol (GPI)-anchored 
proteins have to be included as well. The sorting process is 
postulated to proceed by protein-protein and protein-lipid 
interactions. We have previously been able to isolate the 
apical and the basolateral vesicles derived from the TGN. 
Analysis of the purified vesicles by two-dimensional gel 
electrophoresis has shown that the two vesicle types contain 
both common (C) and apically (A) and basolaterally (8) 
enriched proteins. 

One prediction of the glycolipid-based sorting hypothesis 
is that there should be specific interactions between gly-
colipids and some apically directed proteins or vesiculation 
machinery. This led us to investigate the detergent solubility 
properties of influenza HA and the apical vesicle proteins. 
Indeed, influenza HA together with a subset of these vesicle 



proteins was found not to be solubilized by the detergent 
CHAPS while the basolateral marker protein, VSV-G was. 
This insolubility was remarkably specific, allowing purifi-
cation of one protein (C12) of the vesicles, in just two 
detergent solubilization steps from crude cell membranes, 
in sufficient quantities for microsequencing and molecular 
cloning. The protein was named VIP21 (vesicular integral 
membrane protein of 21 kDa). The subcellular localization of 
VIP21 was studied by immuno-fluorescence microscopy and 
electron microscopy (in collaboration with Rob Parton) using 
antibodies against C- and N-terminal peptides from VIP21. 
The study demonstrated that the protein was present in the 
TGN and on the apical and basolateral plasma membrane 
domains of MOCK cells. Interestingly, on the cell surface, 
VIP21 was confined to non-clathrin coated plasma mem-
brane invaginations called caveolae. 

The surprising finding that VIP21 is abundant in caveo-
lae strongly links the glycolipid domains in the TGN to 
these plasma membrane structures. Recent sequence data 
demonstrating that canine VIP21 is homologous to chicken 
caveolin (Glenney & Soppet, 1992) confirm the caveolar 
localization of VIP21. What is most interesting in this context 
is that caveolae are plasma membrane invaginations with 
a specialized lipid composition. Although it has not been 
demonstrated directly that they are enriched in glycosph-
ingolipids, they are probably enriched in the gangliosides 
to which cholera and tetanus bind. Moreover, GPI-linked 
proteins, which lack a transmembrane domain and are 
anchored to the membrane by their lipid modification, are 
often localized in caveolae. Thus, caveolae have many 
circumstantial but intriguing similarities to the glycolipid rafts 
of apical carrier vesicles. The presence of VIP21-caveolin in 
both structures now makes a functional connection between 
them. 

We must now consider the rafts as a general phenomenon, 
whereby certain proteins can be segregated within a lipid bi-
layer. The original proposal was that they would be involved 
in protein sorting in the Golgi complex of epithelial cells. 
The similarity of this process to that apparently occurring in 
the generation of caveolae suggests that the phenomenon 
is more widespread. However, as yet unidentified proteins 
must determine the specific association with either caveolae 
or apical vesicles that distinguishes these processes. Since 
VIP21 is also routed to caveolae on the basolateral side, 
specificity for apical sorting must involve other proteins. 
Just as VIP21 is present in non-polarized cells and the 
basolateral membrane of epithelial cells, so caveolae are 
also present in these locations. Indeed, although glycolipids 
are sorted preferentially to the apical membrane, some gly-
colipids are routed basolaterally. It is therefore not surprising 
that VIP21, which seems to be a more general marker of 
these domains, is also present in the basolateral membrane. 

We are in the process of characterizing other vesicular pro-
teins. A major membrane protein (C9) common to both api-
cal and basolateral vesicles has been purified for microse-
quencing. PCR cloning using degenerate oligonucleotides 
has led to the isolation of a cDNA, which is presently being 
sequenced. Moreover, recently one of the most apically 
enriched proteins (A23) has been microsequenced (in col-

laboration with Roland Kellner) and found to be a member of 
the annexin family. This protein is specific for differentiated 
HT-29 cells (Wice & Gordon, 1992), and may represent an 
annexin that is expressed in a subset of epithelial cell types. 
The function of annexins is, despite years of work, still an 
enigma. Our findings suggest that this annexin might be 
involved in apical vesicle delivery in MOCK cells. 

Construction of assays to study the polarized 
delivery of newly synthesized proteins and lipids 
to the apical and basolateral surface domain in 
MOCK cells (E. Ikonen, T. Kobayashi & S. Pimplikar). 

To study the involvement of putative machinery in biosyn-
thetic sorting, transport vesicle formation and in post-TGN 
delivery, we have constructed assays that reconstitute 
these processes. We have used streptolysin 0 (in collab-
oration with S. Bhakdi, Mainz) a cytolysin that binds to 
cholesterol and creates pores in membranes. Streptolysin-
permeabilized filter-grown MOCK cells were found to de-
liver vesicular stomatitis virus (VSV) glycoprotein, influenza 
haemagglutinin and fluorescent sphingolipid from the TGN 
to the apical and basolateral membrane domains. Using this 
assay, the role of trimeric G proteins in polarized transport 
has been analysed. We have shown that the transport of 
influenza haemagglutinin protein to the apical surface is 
stimulated and that of VSV glycoprotein to the basolateral 
surface is retarded by AIF(3-5) treatment. Treatment of cells 
with the reagents known to influence the Gj class of G 
proteins affected only the basolateral pathway, whereas 
reagents acting on the Gs class of G proteins specifically 
affected the apical pathway. In streptolysin-permeabilized 
cells, antibodies raised against the N-terminal domain of 
the 0: subunit of Gs inhibited the transport of haemag-
glutinin from the TGN to apical surface but not between 
the endoplasmic reticulum (ER) and Golgi complex. These 
observations suggest that the apical and the basolateral 
pathways in epithelial cells are regulated by Gs and Gj 
proteins, respectively, in the trans-Golgi network. 

Studies are in progress to investigate the role of clathrin, 
adaptins, and coatomer proteins in apical and basolateral 
delivery. Presently, nothing is known of the mechanisms that 
lead to apical and basolateral vesicle budding. Foremost is 
the question how sorting of proteins into these carriers is 
achieved. 

The Rab family of small GTPases 
(P. Dupree, L. Huber & V. Olkkonen) 

Recent studies in several laboratories have shown that Rab 
proteins play an important role in regulating membrane 
traffic. Together with the Zerial & the Griffiths groups, we 
are continuing our studies of these small GTPases. In 
mammalian cells, the Rab proteins form a large family 
comprising more than 30 members. Several of these have 
been localized to specific segments of the biosynthetic or 
of the endocytic pathways. Assuming that one or more Rab 
GTPases are involved in each specific intracellular transport 
step, localization of Rab proteins will help to define the 
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potential trafficking routes that connect compartments by 
intracellular membrane transport. 

Characterized Rab proteins can be used as specific subcel-
lular markers in morphological studies and also for determin-
ing the identity or purity of given subcellular fractions. In fact, 
we have developed an intracellular "mapping" system based 
on 32p_GTP ligand blots of two-dimensional gels. Here, the 
position of each Rab in the blots is identified using proteins 
overproduced from cloned cONAs. The reference map thus 
created and the data on the localization of the proteins can 
be used to define subcellular fractions. 

We previously cloned from mouse kidney cONA fragments 
of 11 novel Rab sequences by a PCR approach based on 
the use of degenerate oligonucleotides corresponding to the 
amino-acid stretches highly conserved in Rab GTPases. 
Together with the Zerial group, we have now cloned the 
full-length cONAs of these proteins, and are in the process 
of characterizing their subcellular localization. 

We have analysed the subcellular localization of the novel 
proteins by expressing epitope tagged proteins carrying 
at their N-termini the c-myc epitope in several cell-lines. 
For the expression of the proteins we have used the T7 
RNA polymerase recombinant vaccinia virus and Semliki 
Forest virus vector systems (in collaboration with Henrik 
Garoff, Stockholm). We have identified two novel proteins 
on the biosynthetic pathway. Rab24 is by immunofluores-
cence visualized as a network in the perinuclear region of 
the cell. The staining colocalized partially with ER markers 
and quite well with Rab2, indicating a localization in the 
intermediate region between the ER and the Golgi. Rab 12 
is found on the Golgi apparatus, colocalizing with ,B-COP. 
Our results on the novel cONAs suggest that among the 
proteins encoded, there are several Rabs associated with 
early endosomes. One of the most interesting new proteins 
is Rab22 (Olkkonen et al., 1993). When expressed in baby 
hamster kidney (BHK) cells, the epitope-tagged protein lo-
calizes mainly on perinuclear large vesicle-like structures. 
The structures, which are not seen in non-transfected cells, 
contain fluorescein-conjugated transferrin after a 5 min in-
ternalization period, thus representing an early endocytic 
compartment. The staining also includes the plasma mem-
brane and small vesicles in the cell periphery. The structures 
stained, however, do not match those labelled by antibodies 
against endogenous Rab5, suggesting that they represent a 
subcompartment of early endosomes, the function of which 
is still unclear. The subcellular localizations of the Rab pro-
teins localized so far are summarized in Plate 1. Considering 
the distribution of Rab proteins to the different sites within 
the cell, it is striking that the tubular networks in the ER-Golgi 
intermediate region, the TGN, and the early endosomes 
have the highest numbers of different Rab proteins. Does 
this imply that these compartments have key roles in traffic 
regulation in the cell? This is in keeping with the known 
complexity of sorting functions of the early endosomes and 
the TGN, and suggests that the cis-Golgi network has more 
sorting functions than presently surmised. 

The Rab8 protein has been localized to the Golgi complex, 
to intracellular vesicles, and to the basolateral plasma mem-

8 

brane of MOCK cells. Analysis of immunoisolated apical 
and basolateral carrier vesicles by 32p_GTP ligand blots 
of two-dimensional gels showed that Rab8p is enriched 
in the basolateral transport vesicles. Recent studies using 
streptolysin permeabilized MOCK cells show that a peptide 
derived from the hypervariable C-terminal region of Rab8p 
decreases transport of VSV glycoprotein to the basolateral 
surface from the TGN but does not affect influenza HA 
transport to the apical surface. 

Cell surface polarity in neurons 
(C. Ootti, M. de Hoop & L. Huber) 

Our recent studies have demonstrated that mature hip-
pocampal neurons and MOCK cells sort viral glycoproteins, 
GPI-linked Thy-1 protein and the transferrin receptor in a 
similar fashion. The results from these investigations imply 
that the apical and the axonal domains are equivalent, 
whereas the basolateral surface corresponds to the so-
matodendritic domain. These data are now supported by 
the characterization of potential machinery proteins. VIP21, 
which is a major component of apical and basolateral carrier 
vesicles in MOCK cells was localized by immunofluores-
cence microscopy to both axons and dendrites. This protein 
is thus routed to both surface domains in neurons as well 

PLATE 1 

A summary of the subcellular localization of ubiquitously expressed 
Rab proteins. The abbreviations are RER, rough endoplasmic 
reticulum; SER, smooth endoplasmic reticulum; CGN, cis-Golgi 
network; TGN, trans-Golgi network, EE, early endosomes; LE, late 
endosomes. 



as in MDCK cells, reenforcing its generalized distribution in 
post-Golgi trafficking. Also the basolateral Rab8 protein has 
been studied in neurons. We found it to be localized exclu-
sively in the somatodendritic part of the cell, being excluded 
from the axon. Anti-sense oligonucleotides corresponding 
to the initiation region of the Rab8 nucleotide sequence 
were synthesized. After culturing neurons for four days in 
medium containing anti-sense oligonucleotides, transport of 
viral glycoproteins destined to the dendrites was significantly 
reduced. No effect was seen on axonal transport. These 
findings suggest that the similarities in the handling of api-
cal/axonal and of basolateral/dendritic proteins may reflect 
similar mechanisms for polarized sorting and targeting in 
MDCK cells and hippocampal neurons. 

Also neurons require mechanisms to prevent mixing of the 
axonal proteins (and lipids) into the somatodendritic plasma 
membrane domain and vice versa. It is obvious that in neu-
rons there is no equivalent to the tight junctions of epithelial 
cells. Is there a diffusion barrier between the somatoden-
dritic and axonal domains in mature hippocampal neurons? 
Recent studies in our laboratory suggest that such a fence is 
present. Fluorescent lipids were fused into the axon of stage 
5 hippocampal neurons by the same method that we used 
earlier to demonstrate the fence function of the tight junc-
tions in MDCK cells. Fusion was induced by low pH and was 
mediated by the influenza virus haemagglutinin which was 
expressed on the axonal surface after viral infection. The 
fluorescent lipids were shown to be mobile on the axonal 
membrane by loss of fluorescence energy transfer and by 
photobleaching experiments. Although the fluorescent lipids 
were freely mobile in the axonal membrane, they did not 
move into the plasma membrane of the cell body or the 
dendrites. The barrier to diffusion operated in both leaflets 
of the bilayer and is therefore different to epithelial tight 
junctions. The structural components of this fence remain 
to be characterized. 
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Protein targeting and sorting in the eukaryotic cell 

Group leader: B. Dobberstein 

Fellows: S. Andersen*, G. Bacher*, H. Boleti*, S. High*, M. Hofmann*, H. U.itcke, B. Martoglio*, J. Pieters* 

Visitors: C. Amshoff*, A. Helenius*, J. Howard*, J. Luirink*, M. Remus* 

Assistants: R. Abagyan, A. Ashford*, A. Giner 

Protein transport across the membrane of the endoplasmic 
reticulum (ER) involves the targeting of nascent chains 
to the membrane and their insertion into or translocation 
across the membrane. Targeting is mediated by a signal 
sequence on the nascent polypeptide, signal recognition 
particle (SRP) and its receptor in the ER membrane, the 
docking protein. The actual translocation is mediated by 
a translocation complex consisting of several polypeptides. 
After their insertion into the ER membranes, most proteins 
are then further transported to organelles of the exocytic 
or endocytic pathway or leave the cell. Our group is in-
terested in (1) a structural and functional characterization 
of SRP and other components involved in protein targeting 
to and insertion into the ER and (2) the identification and 
characterization of signals and receptors for the sorting of 
class II major histocompatibility (MHC) molecules and their 
associated invariant chains in the exocytic and endocytic 
pathway. 

Structural and functional analysis 
of components of SRP 

In mammalian cells, secretory and most membrane proteins 
are targeted cotranslationally to the membrane of the ER 
during their synthesis. 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 docking protein at the 
ER membrane. 

SRP is a ribonucleoprotein particle consisting of six different 
polypeptides (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 like RNA segments of SRP7S RNA together with the 
SRP9/14 dimer are required for the SRP mediated arrest 
of polypeptide chain elongation; the SRP54 protein makes 
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contact to the signal sequence and the SRP68/72 proteins 
may be important for the interaction with the ER membrane 
(for review see Lutcke & Dobberstein, 1993). 

Structural and functional analysis of the 
signal sequence binding protein of mammalian 
and bacterial SRP (S. High, J. Luirink, H. LUtcke 
& A. Giner with D. Tollervey & H. Wood) 

Signal sequences of secretory and membrane proteins are 
very different in their primary structure. The only feature 
common to all signal sequences is a central short segment 
of apolar amino-acid residues. We have shown that this 
region binds exclusively to the COOH-terminal methionine-
rich region of SRP54, the M-domain (Lutcke et al., 1992). 
Free SRP54 and even its M domain alone was found to be 
capable of interacting with signal sequences independently 
of the other components of SRP. 

Whether protein secretion in E.coli is also mediated by a sig-
nal recognition particle has remained controversial. Previous 
studies in E.coli have identified a 4.5S RNA that is related 
to mammalian SRP7S RNA and a 48 kDa protein (P48 or 
Ffh) that is homologous to SRP54. The 4.5S RNA and P48 
are found in a ribonucloprotein particle. We now provide 
biochemical evidence that the 4.5S RNA-P48 complex func-
tions as an SRP (Luirink et al., 1992). P48 from a whole 
E.coli extract could be cross-linked to the signal sequence 
in nascent preprolactin. Cross-linking required the presence 
of a functional signal sequence and could be competed for 
with mammalian SRP. Binding of P48 to the signal sequence 
occurred only when the signal sequence was associated 
with the ribosome. Work by Phillips and Silhavy showed 
that bacteria depleted of P48 fail to export several precursor 
proteins (Phillips & Silhavy, 1992). These and our findings 
indicate that a SRP-like particle plays an important function 
in bacterial protein export. How SRP may function in E.coli 
and in mammalian cells is outlined schematically in Plate 2. 



PLATE 2 

Proposed steps in signal recognition particle (8RP) mediated target-
ing of secretory proteins to the inner membrane (1M) of Ecof; and 
the membrane of the endoplasmic reticulum (ER) in mammalian 
cells. 

Ecoli 8RP consists of the 4.58 RNA and the 48 kOa signal binding 
protein (P48 or Ffh). Mammalian 8RP consists of the 8RP 78 RNA 
and six different polypeptides. The signal binding proteins (Ecoli 
P48 and the mammalian 8RP54) interact with sinal sequences 
on nascent secretory proteins and are thought to maintain the 
signal sequence in a transport competent conformation until contact 
has been made with the 8RP receptor, called docking protein in 
mammalian cells. The functional equivalent to the docking protein 
in Ecoli is not yet known. 

E.coli 

periplasmic 
space 

cytosol 

ER 

lumen 

mammalia 

! 

SRP72 (H. LOtcke, A. Ashford & M. Remus 
with S. Prehn (Berlin) & R. Frank (Heidelberg)) 

SRP 

DP 

The 68 kDa and 72 kDa proteins of SRP (SRP68 and 
SRP72) have been suggested to playa role in the interaction 
of the SRP-arrested ribosomal complex with the ER mem-
brane. To elucidate the molecular structure and function of 
these molecules we have previously cloned cDNAs coding 
for SRP68 and now for SRP72. The deduced amino-acid 
sequence for SRP72 reveals a basic protein (pi of 9.99) with 
671 amino-acid residues and a calculated molecular weight 
of 74 kDa. A cluster of basic amino-acid residues is found in 
the G-terminal region (LOtcke et al., in preparation). Using in 
vitro synthesized SRP68 and SRP72 we have investigated 
their assembly into a ribonucleoprotein particle. SRP68 on 
its own was found to bind to 7S RNA while binding of SRP72 
required the presence of SRP68. As SRP68 contacts the 
7S RNA via its NH2-terminal half and SRP72 with its GOOH 
terminal half it seems to function as an adaptor between 
7S RNA and SRP72. 

Site-specific photo-cross-linking for the 
identification and characterization of membrane 
components involved in protein translocation 
(S. High, S. Andersen, A. J. Ashford & A. Giner 
with J. Brunner & B. Martoglio (ZOrich) and D. Gerlich, 
E. Hartmann, S. Prehn & T. Rapoport (Berlin)) 

A chemically aminoacylated amber suppressor tRNA was 
used to introduce a modified, photoactivatable, amino-acid 
at a selected position within the signal sequence of the 
secretory protein preprolactin (PPL). Several PPL mutants 
were constructed, each containing a single photoactivatable 
amino-acid at a different position in the signal sequence. 
This allowed the interactions of the NH2-terminal, the central 
and the GOOH-terminal regions of the signal sequence to 
be investigated during insertion into the membrane of the 
endoplasmic reticulum. We found that different regions of 
the nascent chain were photo-cross-linked to different ER 
proteins. The NH2-terminal region of the signal sequence 
contacts the TRAM protein while the centre of the hydropho-
bic core of the signal sequence, and regions GOOH-terminal 
of this, all contact the mammalian Sec61 homologue protein. 
These results suggest that the ER translocation complex is 
composed of heterologous protein subunits which contact 
distinct regions of the nascent polypeptides during mem-
brane insertion (High et al., submitted; Plate 2). 

Membrane insertion of type I and II 
signal-anchor (SA) proteins (S. High & 
S. Anderson with D. Gerlich, E. Hartmann, 
S. Prehn & T. Rapoport (Berlin)) 

We have identified a membrane component which is ad-
jacent to type I and type II signal-anchor proteins during 
their insertion into the membrane of the ER (High, 1992; 
High & Dobberstein, 1992a; High & Dobberstein, 1992b). 
Using a photo-cross-linking approach a 37 to 38 kDa non-
glycosylated protein was found in proximity to type I and 
type II signal-anchor proteins during their membrane in-
sertion. This ER protein was identified as the mammalian 
Sec 61 protein. An alternative cross-linking approach us-
ing homobifunctional cross-linking reagents also identified 
Sec61 p as the principal next neighbour of both type I and 
type II signal-anchor proteins. We propose that Sec61 p is 
a core component of the ER membrane insertion complex 
(High et al., submitted). 

Intracellular transport of class II major histo-
compatibility complex (MHC) molecules and 
associated invariant chain (Ii) (J. Pieters & 
S. Zachgo with G. Griffiths & H. Horstmann 
(EMBL) and O. Bakke (Oslo)) 

An important step in the generation of an immune response 
to foreign antigens is the stimulation of T helper cells by 
antigen presenting cells. The molecules involved in this 
interaction are the cell surface class II MHG-proteins with 
bound peptide. This complex interacts with the T cell recep-
tor and the GD4 coreceptor. To be presented, most foreign 
antigens must first be processed in endocytic compartments 
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to generate small peptides. How MHC class II molecules 
reach the endocytic compartments in which they bind to 
peptide is not known. Recent evidence suggests, that the 
invariant chain (Ii) prevents premature peptide binding in 
the ER and directs class II molecules from the trans-Golgi 
network to endocytic compartments. We intend to (1) identify 
the intracellular compartments in which class II molecules 
and Ii reside, (2) characterize the sorting signals in Ii and 
class II molecules and (3) determine the molecular mecha-
nisms by which these molecules are sorted and retained in 
endocytic compartments. 

We have previously shown that the cytoplasmic domain 
of Ii contains sorting information for endocytic compart-
ments. When fused to the resident plasma membrane pro-
tein influenza neuraminidase it directs the hybrid protein 
to endosomal compartments. To further characterize the 
sorting information in Ii a series of deletion mutants was 
tested for their intracellular localization. It was found that 
the cytoplasmic tail of Ii harbours two sorting signals, one 
between amino-acids 1 and 11 and one between amino-acid 
residues 10 and 29. Efficient sorting to and retention in 
endosomal compartments is, however only obtained with 
the intact cytoplasmic tail (Pieters et al., in preparation). 

The protease inhibitor leupeptin was found to interfere with 
endosomal processing of Ii and lead to an accumulation of 
multivesicular bodies containing Ii (Zachgo et al., 1992). This 
suggests that proteolytic processing is an essential step in 
the transport of proteins between multivesicular bodies and 
late endosomal compartments. 

The group left the EMBL at the end of December. The new 
address of Bernhard Dobberstein is 2MBH, 1m Neuenheimer 
Feld 282, Postfach 106249, 6900 Heidelberg. 
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Membrane-membrane interactions in the endocytic pathway 

Group leader: J. Gruenberg 

Fellows: F. Aniento, A. Blocker, M. Clague, N. Emans, O. Steele-Mortimer, L. Thomas 

Visitors: J.-P. Gorvel, V. Marjomaki* 

Assistants: C. Walter*, H. Wilhelm* 

Using a cell-free assay, we have identified and charac-
terized the endosome populations which are fusogenic in 
vitro. An important effort of the group is to investigate some 
of the cellular mechanisms regulating these interactions. 
We are now trying to identify and characterize membrane-
associated components which mediate the close-range con-
tacts between membranes and fusion. 

Dissection of endosome-endosome 
interactions in vitro 

Fusogenic endosomes (F. Aniento, 
N. Emans, C. Walter & H. Wilhelm) 

It is now well-established that internalized fluid phase mark-
ers first appear in peripheral early endosomes, then in 
late endosomes localized in the perinuclear region of the 
cell and eventually in Iysosomes. How membrane transport 
proceeds between these compartments is, however, less 
clear (Murphy, 1991; Griffiths & Gruenberg, 1991). Previ-
ously, we and others observed that early endosomes exhibit 
a high tendency to undergo homotypic fusion with each 
other in vitro, suggesting that, in vivo, early endosomes are 
highly dynamic (Gruenberg & Howell, 1989). Recent in vivo 
studies are consistent with this view (Hopkins et a/., 1990; 
Tooze & Hollinshead, 1991; Succi et a/., 1992; Parton et a/., 
1992). During the last year, we have contin'ued our effort 
to investigate these interactions at the molecular level (see 
below). We have also studied a second endosomal fusion 
event with our assay. /n vivo, markers leaving the early 
endosomes appear in large vesicles with a multivesicular 
appearance before they appear in late endosomes (Gruen-
berg et a/., 1989). These large vesicles are often referred 
to as multivesicular endosomes. Internalized markers reach 
these vesicles, but not late endosomes, after microtubule 
depolymerization. Thus, we proposed that these vesicles 
function as endosomal carrier vesicles (ECVs) transported 
on microtubules from peripheral early endosomes to per-
inuclear late endosomes. We have now shown that ECVs 
undergo fusion with late endosomes in vitro, in a process 
which is ATP- and cytosol-dependent, and sensitive to low 
concentrations of GTPgS. 

The efficiency of this fusion process can be increased 
3-5-fold after addition of microtubules prepared from puri-
fied bovine brain tubulin and stabilized with Taxol, whereas 
they have no effect on early endosome fusion. Our data 
indicate that stimulation depends on microtubule-associated 
proteins and on the minus-end-directed motor cytoplasmic 
dynein. Photocleavage of cytoplasmic dynein in the pres-
ence of vanadate inhibits the microtubule-mediated stimu-
lation, and this stimulation can be restored by addition of 
partially purified cytoplasmic dynein. In contrast, immuno-
depletion of kinesin, a plus-end-directed motor, is without 
effect. These observations agree well with our previous in 
vivo and in vitro studies in polarized Madin-Darby canine 
kidney (MOCK) cells (Somsel et a/., 1989; Somsel et a/., 
1990). Since fusion can occur, albeit with a reduced effi-
ciency, in the absence of microtubules, we believe that the 
addition of microtubules stimulates the frequency of interac-
tions between the vesicular partners destined to interact. 

Our data show that these two fusion events (early 
endosome-early endosome and ECV-Iate endosome) are 
highly specific in vitro. Early endosomes do not directly 
fuse with late endosomes, neither do ECVs fuse with each 
other or back with early endosomes (Gruenberg et a/., 
1989; Gorvel et a/., 1991). Preliminary experiments suggest 
that late endosomes also exhibit the capacity to undergo 
homotypic fusion with each other in vitro, as expected. Our 
current view is, therefore, that early and late endosomes are 
two dynamic and separate compartments, connected by the 
microtubule-dependent transport of ECVs. 

Protein composition (F. Aniento, 
N. Emans, C. Walter & H. Wilhelm) 

An important effort of the group has been to study the 
protein composition of these endosomal populations. To 
obtain purified fractions, we combined two of our protocols 
(Emans et a/., 1992), a flotation gradient, which separates 
early endosomes from both ECVs and late endosomes 
(Chavrier et a/., 1991; Gorvel et a/., 1991), and immunoiso-
lation (Gruenberg & Gorvel, 1992). Endosomes enriched 
75-1 DO-fold over the homogenate could be prepared with 
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a yield of 15-20%. The cells were metabolically labelled 
with 35S-Met to equilibrium, then endosomal fractions were 
prepared and analysed by high-resolution two-dimensional 

. gels and autoradiography. 

Early endosomes contained approximately 200 proteins (50 
major species) and many of these proteins could not be de-
tected at later stages of the pathway (for example, proteins 
recycling with the plasma membrane). Late endosomes 
also exhibited a complex composition and contained unique 
proteins, which were not abundant, if present at all, at earlier 
stages of the pathway, including several highly glycosylated 
acidic proteins. We have identified two of the latter proteins 
(120 and 45 kOa, respectively) with monoclonal antibodies 
we have raised, and confirmed their distribution by cryo-
electron microscopy (with Gareth Griffiths). Both exhibit the 
physical characteristics and distribution of lysosomal glyco-
proteins in other cells, being abundant in late endosomes 
and Iysosomes (Kornfeld & Mellman, 1989). In contrast, 
ECVs did not appear to contain unique proteins and most 
(>90%) ECV proteins were detected in late endosomes. 
These studies are consistent with our view that ECVs are 
transient vesicles, which mediate transport from early to 
late endosomes. Our current effort is to identify endosomal 
proteins that are involved in the regulation of membrane 
transport (see below). 

Microtubule-dependent interactions 
(A. Blocker, N. Emans, C. Walter & H. Wilhelm) 

Several important questions, concerning ECV-Iate en-
dosome and endosome-microtubule interactions, remain 
unanswered. It is not clear how ECVs acquire the capacity 
to move on microtubules. Neither is it clear how movement 
to the minus ends of microtubules is regulated, except for 
the participation of cytoplasmic dynein. Late endosomes are 
clustered in the perinuclear region perhaps via a protein 
related to CLIP 170 (Pierre et al., 1992), yet they can move 
in both directions, for instance when the cytoplasmic pH is 
manipulated (Parton et al., 1991). Finally, relatively little is 
known about the interactions of ECVs with late endosomes, 
except for the fact that microtubules are involved in vivo and 
in vitro. In addition to our fusion assay, we use an in vitro 
assay where the different steps of microtubule-dependent 
ECV-Iate endosome interactions can be visualized and 
quantified. 

Addition of centrioles, purified from a human cell-line, to 
Xenopus cytosol results into the spontaneous polymeriza-
tion of endogenous tubulin into asters (see Eric Karsenti's 
report). The mixture is complemented with fractions en-
riched in ECV/late endosomes and incubated at 20° C. 
Asters with bound vesicles are then centrifuged through 
a cushion, and analysed by immunofluorescence or im-
munoprecipitation, using our antibodies against lysosomal 
glycoproteins. Our data indicate that endosome-microtubule 
interactions are regulated by microtubule dynamics: low 
concentrations of nocodazole abolish endosome binding. 
Under these conditions, asters remain intact but microtubule 
dynamics are changed, as are presumably levels of bound 
MAPs. In addition, low concentrations of GTPgS stimulate 
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2-3-fold endosome binding (without affecting microtubules), 
suggesting that these interactions are regulated by GTP-
binding proteins. Next, we intend to use endocytosed tracers 
labelled with large gold particles or fluorophores, and then 
to follow these events by video-microscopy. Preliminary 
studies using differential interference contrast microscopy 
(with Thomas Kreis) have indicated that ECVs can move in 
vitro on taxol-polymerized microtubules. 

Regulation of endosome-endosome 
interactions in vitro 

The small GTP-binding protein Rab5 
(M. Clague, O. Steele-Mortimer, C. Walter 
& H. Wilhelm) 

We have studied some of the mechanisms that regulate 
early endosome fusion in vitro. In particular, we have 
shown that the small GTP-binding protein Rab5, which 
is attached to the cytoplasmic face of the membrane by 
geranyl-geranylation of a Cterm Cys, is required for fusion 
(Gorvel et al., submitted; Gorvel et al., 1991). It has now 
become clear that different families of GTP-binding proteins 
regulate membrane transport, in particular ARF/Sar, Rabs 
and heterotrimeric G-proteins (Gruenberg & Clague, 1992). 
Although little is known about the function of the latter 
proteins in transport, Rabs may be required for targeting and 
arfs for coat assembly/disassembly. The ordered sequence 
of protein-protein interactions occurring during each mem-
brane transport event may be regulated stepwise by different 
GTP-binding proteins. 

We are following different approaches to study the relation-
ships between Rab5 and other components of the recogni-
tion fusion machinery. Previous work, with Marino Zerial's 
group, has shown that the signal required for association of 
Rabs with the correct compartment is contained within the 
hypervariable Cterm region (Chavrier et al., 1991). We have 
shown that the Nterm domain of Rab5, which is larger than 
in most other Rabs, is required for the fusion activity (Gorvel 
et al., submitted), suggesting that the Nterm interacts with 
another component, which we are trying to identify. 

In addition, we have shown by immuno-precipitation that 
Rab5 is associated with the phosphorylated form of a 55 kOa 
protein, but not with the unphosphorylated form. USing an-
tibodies raised in Marino Zerial's group, we could show 
that p55 corresponds to a protein originally identified by 
its capacity to prevent GOP dissociation (GOI) (Matsui et 
al., 1990). We also observed that other Rabs also interact 
with phosphorylated GOI. Since GOI can extract GOP-bound 
Rabs from the membranes (see Marino Zerial's report), the 
current view is that the function of GOI is to recycle the 
GOP form of Rabs through the cytosol, presumably back to 
the donor compartment. Our data show that GOI function 
is regulated by phosphorylation-dephosphorylation, as is 
endosome fusion itself (see below), suggesting that GOI is a 
universal regulator of membrane transport. We will continue 
to use Rab5 as a marker during protein fractionation and 
in immunoprecipitation experiments to identify other com-
ponents of the recognition/fusion machinery. 



Phosphorylation/dephosphorylation 
(L. Thomas, C. Walter & H. Wilhelm) 

Membrane traffic is arrested in mitotic animal cells. Our 
previous data indicate that this process is, in part, due to 
an inhibition of membrane fusion events. Early endosomal 
fusion is inhibited by mitotic cytosol and this inhibition can 
be reconstituted in interphase cytosol supplemented with 
purified cdc2 kinase (Tuomikoski et al., 1989). To identify the 
mediator(s) of this inhibition in the assay, we have followed 
two strategies. First, we have shown that fusion inhibition 
only occurs when cdc2 is associated to cyclin B, and not 
when it is associated to cyclin A (Thomas et al., 1992). 
These observations are consistent with the activation of the 
cycB:cdc2 complex during mitosis, and demonstrate that the 
activity of cdc2 can be regulated by the bound cyclin. A 
two-dimensional gel analysis has shown that a limited set of 
proteins are specifically phosphorylated by cycB:cdc2, when 
compared to cycA:cdc2. Clearly, this will simplify the search 
for a substrate of cdc2:cycB involved in fusion inhibiton. 

A second line of research has been to determine whether 
fusion inhibition involves the modification of a cytosolic or a 
membrane-bound protein. Our data show that fusion actvity 
of the membranes can be blocked if they are pre-treated 
with cdc2, but only if cytosol is also present. Pre-treatment 
of the cytosol and/or the membranes alone does not cause 
fusion inhibition. One possible interpretation is that a cy-
tosolic factor becomes membrane-associated upon cdc2 
action, thereby blocking fusion. These blocked membranes 
can then be rescued by phosphatase IIA, but not other 
phosphatases, strongly suggesting that phosphorylation of a 
membrane-associated component causes fusion inhibition. 
By combining the differential effects of cycB- and cycA-cdc2 
with the effects of phosphatase IIA, we are currently trying 
to identify the phosphorylated substrate(s). 

Proteins involved in membrane-membrane 
interactions (N. Emans, C. Walter & H. Wilhelm) 

Wheareas some of the mechanisms regulating membrane 
transport are becoming apparent, very little is known about 
intracellular proteins mediating close-range interactions be-
tween membranes and fusion itself. We have, therefore, de-
veloped an experimental strategy to identify the proteins di-
rectly involved in endosome-endosome interactions (Emans 
et al., 1992). Having established a protocol for the im-
munoisolation of purified early endosomes (see above), we 
demonstrated that these endosomes are highly fusogenic 
in vitro of the vesicle content is mixed upon fusion). 
These fusogenic immunoisolated endosomes immobilized 
on beads (4 f.1m diameter), were then used as the "acceptor" 
fraction for metabOlically-labelled "donor" early endosomes 
in suspension (recovered from the flotation gradient). The 
fusion assay was carried out in the presence of unlabelled 
cytosol. At the end of the assay, the immunoisolated early 
endosomes bound to the beads were retrieved, washed 
and analysed by two-dimensional gels and autoradiography. 
Only the "donor" proteins transferred to the "acceptor" upon 
fusion are then detected. This transfer assay fulfills all 
criteria of early endosome fusion in vitro, including inhibition 
by anti-Rab5 antibodies. We observed that the composition 

of donor proteins transferred upon fusion was essentially 
identical to that of the acceptor fraction itself, in good 
agreement with our view that early endosomes undergo 
homotypic fusion. 

We reason that the molecules involved in recognition/fusion 
may be unequally distributed on the early endosomal mem-
brane. After sonication of donor endosomes into small 
vesicles, only a sub-population of the generated vesicles 
retained their fusion activity. When tested in our protein 
transfer assay, we observed that the pattern of transferred 
proteins was dramatically simplified, although transfer still 
retained all criteria of early endosome fusion in vitro. Im-
portantly, only 5 proteins (2 membrane proteins and 3 pe-
ripheral proteins associated to the cytoplasmic face of the 
membrane) were transferred with high efficiency. In fact, this 
efficiency was identical to that observed without sonication. 
In addition, these transferred proteins represented only a 
very small fraction of the total membrane-associated pro-
teins present in the sonicated donor fraction, indicating that 
fusion/transfer was specific. 

One of these proteins kDa and pi to 9) was excised 
from the two-dimensional gels, digested with trypsin and the 
resulting peptides were separated by HPLC and sequenced 
(with Roland Kellner). After repeating this process twice, 
the only protein identified, when searching the SWISSPROT 
data base, was Annexin II. Moreover, the protein we have 
sequenced has the same physical characteristics as An-
nexin II, and is recognized by anti-Annexin antibodies. Fi-
nally, we have used anti-Annexin II antibodies to localize the 
protein on cryo-sections (with Gareth Griffiths). Annexin II is 
present on the plasma membrane, as previously observed 
by others, but it is also abundant on the tubular and cisternal 
regions of early endosomes, but absent from the vesicular 
portions. Thus, the protein we have identified by in vitro 
protein transfer between early endosomes, indeed localizes 
to early endosomes. 

Annexin II, as other Annexins, has been previously impli-
cated in membrane-membrane interactions (Gerke, 1989). 
It causes aggregation of liposomes and chromaffin granules 
in vitro, and may be involved in the fusion of chromaffin 
granules with the plasma membrane (Ali et al., 1989; Drust & 
Creutz, 1988; Meers et al., 1991; Sarafian et al., 1991). The 
protein can form a dimer, together with two light chains, and 
one of the other proteins we have identified has the physical 
properties of the light chain. The heterotetramer tightly binds 
to membranes at extremelly low calcium concentrations 
«10-8 nM; Powell & Glenney, 1987). We and others find 
that endosome fusion is not sensitive to chelators, and that 
they do not displace the membrane-bound form of the pro-
tein. It has, therefore, been proposed that the heterotetramer 
can mediate close-range membrane interactions and, pos-
sibly, fusion itself. Clearly, we are currently investigating the 
precise function of Annexin II in endosome fusion. 

Until now, all proteins involved in membrane transport that 
have been characterized are members of larger families 
or used at more than one membrane transport step. The 
restricted distribution of Annexin II (plasma membrane and 
endosomes) is consistent with its implication in the fusion of 
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exocytic vesicles and early endosomes, but argues against 
its involvement in other steps of membrane transport. How-
ever, we observed that an antibody against a consensus An-
nexin epitope labelled essentially all compartments involved 
in membrane transport on cryo-sections. This observation 
may suggest that other Annexins are utilized at other steps 
of membrane transport. 

Conclusions 

Our major goal is to identify and characterize the proteins 
that regulate or mediate membrane-membrane interactions 
in the endocytic pathway. Until now our efforts have con-
centrated on the homotypic fusion of early endosomes, 
but we are also starting to search for proteins involved 
in the microtubule-dependent interactions of ECV with late 
endosomes. At present, we are studying the functions of 
Rab5 and Annexin " in our assay, and we use both proteins 
as markers to identify other interacting components of the 
recognition/fusion machinery. We are also trying to identify 
the phosphorylated protein(s) involved in cdc2-mediated in-
hibition. Our data already suggest that this protein is unlikely 
to be GDI, which is regulated by phosphorylation, or Rab4, 
a small GTP-binding protein present on early endosomes 
and phosphorylated during mitosis (van der Sluijs et al., 
1991). Finally, we are purifying the other 4 proteins that we 
have identified, to obtain sequence information (they are not 
abundant enough for direct excision from gels). 
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Molecular mechanisms of lysosomal enzyme targeting 

Group leader: B. Hoflack 

Fellows: R. Le Borgne*, T. Ludwig, F. Mauxion, S. Meresse, A. Schmidt 

Visitors: J. Matthey*, K. Tenscher* 

Assistant: U. Bauer 

In higher eukaryotic cells, the mannose-6-phosphate recep-
tors (MPRs) are essential components of the targeting sys-
tem that delivers lysosomal enzymes to Iysosomes (Kornfeld 
& Mellman, 1989). Two related MPRs have been charac-
terized in many mammalian cells. The first MPR (CI-MPR) 
has a dual function in binding mannose-6-phosphate (Man6-
P) containing ligands and the insulin-like growth factor II 
(Kornfeld, 1992). The second MPR (CD-MPR) only binds 
Man6-P containing ligands. The biological function of having 
two MPRs that show apparently similar targeting functions 
is an important unresolved question. 

The MPRs are distributed over several intracellular com-
partments. In the trans-Golgi network (TGN), they mediate 
sorting of lysosomal enzymes from secretory proteins and 
on the plasma membrane they function in endocytosis of 
extracellular ligands. The MPRs are in rapid equilibrium 
between these compartments and the early/late endosomes 
where they release their ligands (Ludwig et a/., 1991). It is 
clear that some crucial steps in their routing require specific 
determinants contained in their cytoplasmic domains which 
interact with specific cellular sorting components, some of 
which forming the coat of clathrin-coated vesicles. 

Our objective is to understand the biological process of lyso-
somal enzyme targeting in terms of the molecular compo-
nents of the targeting system. Our goals are to elucidate the 
mechanisms controlling sorting of membrane proteins, vesi-
cle formation, vesicle-vesicle interaction and fusion along 
defined steps of the pathways followed by the lysosomal 
enzyme receptors. 

Function of the MPRs in lysosomal enzyme 
targeting (T. Ludwig in collaboration with 
C. Ovitt & U. ROther (EMBL), P. Lobel (CABM) 
& K. Tenscher) 

Studies on the function of the CI-MPR have been greatly 
facilitated by the use of cells lacking this receptor. Ex-
pression studies in these cells indicate that the CI-MPR 

is involved in intracellular retention of lysosomal enzymes 
(Lobel et a/., 1989). In contrast, studies on the function of the 
CD-MPR in lysosomal enzyme trafficking have been limited 
by the lack of systems devoid of this receptor. Thus far, 
massive over-expression of the CD-MPR in different cell 
systems has suggested its involment in both intracellular 
retention and secretion of lysosomal enzymes. In addition, 
immunodepletion experiments suggested that this receptor 
takes a minor part in lysosomal enzyme transport. 

To establish unambiguously the biological function of the 
CD-MPR, we studied trafficking of lysosomal enzymes in 
cells lacking a functional CD-MPR gene. We first cloned the 
gene of the mouse CD-MPR (Ludwig et at, 1992). These 
genomic DNAs have been used to disrupt the CD-MPR 
gene in embryonic stem cells by homologous recombination. 
Targeted cells were used for blastocyst injection to gener-
ate chimeric mice with germ-line transmission. Mice lack-
ing the CD-MPR were finally obtained. Their development 
appears normal and their tissues have a normal content 
of lysosomal enzymes. However, their body fluids (serum, 
urine) exhibit elevated levels of phosphorylated lysosomal 
enzymes indicating an abnormal intracellular transport of 
these molecules. This could be clearly seen in primary 
cultures of the corresponding fibroblasts which secrete a 
part of their newly synthesized lysosomal enzymes. As a 
consequence of their lower content of degrading enzymes, 
the fibroblasts accumulate undigested substrates in their 
endocytic structures (Plate 3). This phenotype closely re-
sembles that of the human diseases mucolipidosis II and III 
in which newly synthesized lysosomal enzymes are mis-
sorted due to a lack of or a low activity of the Man6-P 
synthesizing enzyme. This clearly shows that the CD-MPR 
is an essential, non redundant component of the targeting 
system. In addition, this study suggests that, in contrast to 
established concepts, the MPRs bind different classes of 
phosphorylated ligands. It remains to determine the basis of 
these specificities. This could provide the molecular basis 
for the preferential secretion of some lysosomal enzymes 
by metastatic tumour cells which also exhibit variable ex-
pressions of the CI-MPR. We have cloned the promoter of 
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the mouse CI-MPR and are currently testing this hypothesis. 
Finally, the CD-MPR negative mice will allow us to generate 
new systems genetically devoid of the two MPRs. It will be 
valuable to explore the implication of these systems in other 
important biological processes in which lysosomal enzymes 
are involved such as antigen processing. 

Sorting signals in the MPRs 
(F. Mauxion, & S. Meresse) 

To be properly routed within the cell, the receptors contain 
multiple signals that mediate their departure from and arrival 
at the Golgi, plasma membrane and endosomes. Experi-
ments using transfection of normal and mutant receptors 
into cultured cells have begun to reveal functional determi-
nants that are involved in endocytosis of the MPRs (Lobel 
et al., 1989; Johnson et al., 1991). Those responsible for 
their sorting in the TGN or in endosomes remain, however 
to be defined. We have observed that two serine residues 
contained in two highly conserved regions of the C-terminal 
cytoplasmic domain of the CI-MPR are phosphorylated in 
vitro by a caseine kinase II-type enzyme present in clathrin 
coated vesicles (Meresse et al., 1990). This C-terminal 
domain has been implicated in efficient intracellular retention 
of lysosomal enzymes (Lobel et al., 1989). The two ser-
ines are phosphorylated in vivo when the CI-MPR leaves 
the TGN and/or is present in TGN-derived clathrin-coated 
vesicles (Meresse & Hoflack, 1993). This appears as a 
major, albeit transient modification in the cytoplasmic tail 
of the CI-MPR that is delivered later to early endosomes. 
Phosphorylation of these sites does not occur when the 
cell surface CI-MPR is endocytosed and travels through the 
early and late endosomes but occurs when it has recycled 
to the TGN. This strongly suggests that these conserved 
domains and their phosphorylation are implicated in the 
sorting of the CI-MPR in the TGN and/or in the next step 
of transport i.e. its retention in endocytic structures. To test 
this hypothesis, we took as a model the CD-MPR which 
also contains a similar phosphorylation site in its cytoplasmic 
domain. Since no cell-line devoid of this receptor was avail-
able when we started this study, we constructed chimeric 
proteins consisting of the luminal and/or transmembrane 
domain of the haemagglutinin (HA) of the influenza virus 
and the cytoplasmic tail of this receptor which can be easily 
distinguished from endogenous CD-MPRs. When transiently 
expressed in cells, these chimeric proteins behave like the 
endogenous CD-MPR. Thus, the cytoplasmic domain of the 
CD-MPR contains the information sufficient for its transport. 
Similar results were also obtained with the CI-MPR tail. 
Transient expression of HAlCD-MPR truncated or mutated 
on the phosphorylation site indicates that this region and 

PLATE 3 

Electron micrographs showing the morphological appearance of 
fibroblasts from wild-type mice (upper panel), from mice lacking 
the CD-MPR (middle panel) and from patients with mucolipidosis 
II (I-cell disease) (lower panel). Large vacuoles with undigested 
substrates can be seen in the middle and the lower panels. 

its phosphorylation determines transport of the MPRs to 
late endosomes, a notion consistent with the intracellular 
retention of lysosomal enzymes. A non phosphorylated MPR 
has more access to the plasma membrane and early en-
dosomes. These results must be confirmed by functional 
studies as soon as stable cell-lines lacking the MPRs will be 
available. It is also of particular interest to see whether these 
domains have a well-defined structure (in collaboration with 
Annalisa Pastore) as is the case for the endocytosis signal 
(Vaux, 1992). 

Components of the sorting machinery 
(R. Le Borgne, S. Meresse & A. Schmidt) 

Departure of the MPRs from either the TGN or the plasma 
membrane involves the formation of clathrin-coated vesi-
cles. In vitro experiments have indicated that specific 
clathrin-associated proteins (or adaptors) may catalyze re-
cruitment of the CI-MPR into clathrin-coated vesicles by in-
teractions with its cytoplasmic domain (Pearse & Robinson, 
1990). Similar interactions may be involved in the routing 
of the CD-MPR. The Golgi- and the plasma membrane-
derived clathrin-coated vesicles contain different subsets 
of adaptors (HAl and HAil), both of which are made of 
4 different subunits. It is still unclear which subunit me-
diates interactions with the receptor tails and how each 
subset of adaptors can interact specifically with the MPRs 
present in a given compartment. It is possible that phos-
phorylation of sorted proteins is involved in these pro-
cesses. The kinase which phosphorylates the CI-MPR cy-
toplasmic tail at the exit of the TGN appears to be tightly 
associated with the Golgi-specific HAl adaptor complex 
(Meresse et al., 1990). We believe that the 47 kDa subunit 
of this complex supports this activity. Another approach 
that we recently took to understand the basic mechanisms 
of MPR sorting has been to establish in vitro assays to 
monitor quantitatively the binding of Golgi-specific adap-
tors to Golgi membranes in permeabilized cells. We are 
currently investigating whether the MPR cytoplasmic tails 
act as nucleation sites for the formation of clathrin-coated 
vesicles as suggested by studies on plasma membrane 
receptors and plasma membrane-specific adaptors (Miller 
et al., 1991). It is now clear that several GTP-binding 
proteins regulate membrane traffic (see reports by Jean 
Gruenberg, Kai Simons & Marino Zerial). For example, the 
small GTP-binding protein Rab5 regulates the first step 
of endocytosis and is associated with endocytic clathrin-
coated vesicles (Bucci et al., 1992). As indicated by two-
dimensional gel analysis, purified endocytic and exocytic 
clathrin-coated vesicles contain several small GTP-binding 
proteins, some of which also are localised to the Golgi 
apparatus (in collaboration with Lukas Huber). In collab-
oration with Marino Zerial (EMBL) & B. Goud (Pasteur 
Institute, Paris), we are currently investigating their po-
tential implication in TGN-endosome transport using ex-
pression of dominant negative mutants. It will be partic-
ularly of interest to determine how they can affect bind-
ing of Golgi-specific adaptors onto the Golgi membrane 
i.e. the first step in the formation of a transport vesicle 
which carries the MPRs and their bound-lysosomal en-
zymes. 

19 



Publications during the year 

Braulke, T., Mach, L. Hoflack, B. & Glossl, J. (1992). 
Biosynthesis and endocytosis of lysosomal enzymes in hu-
man colon carcinoma SW 1116: impaired internalization of 
plasma membrane-associated cation-independent mannose 
6-phosphate receptor. Arch. Biochern. Biophys., 298, 176-
181 

Bucci, C., Parton, R., Matter, I., Stunnenberg, H., Simons, 
K., Hoflack, B. & Zerial, M. (1992). The small GTP-ase 
Rab5 functions as a regulatory factor in the early endocytic 
pathway. Cell, 70, 1-20 

Ludwig, T., Ruther, U., Metzger, R., Copeland, N., Jenkins, 
N., Lobel, P. & Hoflack, B. (1992). Gene and pseudogene of 
the mouse cation-dependent mannose-6-phosphate recep-
tor. J. Bioi. Chern., 267, 1561-1572 

Other references 

Griffiths, G., Hoflack, K, Simons, G., Mellman, I. & Kornfeld, 
S. (1988). Cell, 52, 329-341 . 

20 

Kornfeld, S. (1992). Ann. Rev. Biochern., 61, 307-330 

Kornfeld, S. & Mellman, I. (1989). Ann. Rev. Cell Bioi., 5, 
483-525 

Lobel, P., Fujimoto, K., Ye, R., Griffiths, G. & Kornfeld, S. 
(1989). Cell, 77, 787-796 

Ludwig, T., Griffiths, G. & Hoflack, B. (1991). J. Cell Bioi., 
115, 1561-1572 

Meresse, S. & Hoflack, B. (1993). J. Cell Bioi., 120, 67-
75 

Meresse, S., Ludwig, T., Frank, R. & Hoflack B. (1990). J. 
Bioi. Chern., 265, 1 8833-18842 

Miller, K., Shupman, M., Trowbrige, I. & Hopkins, C. (1991). 
Cell, 65, 621-632 

Pearse, B. & Robinson, M. (1990). Ann. Rev. Cell Bioi., 6, 
151-171 

Vaux. D. (1992). Trends Cell Bioi., 2,189-192 



Proteins involved in intracellular membrane traffic 

Group leader: T.E. Kreis* 

Fellows: R. Duden*, D. Hennig*, D. Masson*, P. Pierre*, J.E. Rickard*, J. Scheel* 

Visitor: B. Storrie* 

Assistants: B. Joggerst-Thomalla*, A. SawyerO 

Intracellular membrane traffic depends on microtubules and 
cytoplasmic, organelle-associated scaffolds. The network of 
microtubules is involved in the coordinated spatial arrange-
ment of some cytoplasmic organelles, and it provides the 
tracks for various forms of movement. Membrane asso-
ciated proteins (receptors) are involved in interactions of 
the organelles with microtubules via specific cytoplasmic 
linker proteins (CLIPs). These receptors for the CLIPs may 
interact with or be part of organelle-associated scaffolds or 
exoskeletons which regulate budding, targeting and fusion 
events. 

Our goal is to identify and characterize proteins involved in 
intracellular membrane traffic. Our experimental approach 
towards this goal has been threefold. (1) We have con-
tinued our efforts to identify candidates for such proteins 
by immunological methods. (2) We have established new 
assays for characterizing microtubule-organelle interactions 
in vitro. (3) We have applied fluorescence vital staining 
procedures and video-microscopy for monitoring and quan-
tifying the movement and dynamic properties of specific 
cytoplasmic organelles in living cells. We can now use living 
cells as "test tubes" for measuring effects of, for example, 
microinjected antibodies on these parameters of membrane 
traffic. 

Cytoplasmic linker proteins 

We have characterized a novel microtubule binding protein 
of M r 170,000 (CLlP-170) from HeLa cells. This protein 
mediates cytosol-dependent binding of endocytic carrier 
vesicles (ECV) to microtubules in vitro, using a recently 
developed assay with microtubules coupled to magnetic 
beads (Scheel & Kreis, 1991). The structure of CLlP-170 
can be divided into three domains, two probably globular 
domains at the N- and C-termini connected by a long, 
a-helical segment containing heptad repeats. Since in its 

native form CLlP-170 is a homodimer, we assume that this 
segment forms a coiled-coil. A tandem repeat containing 
the tubulin binding region has been characterized in the 
N-terminal domain of CLlP-170 in vitro and in vivo. Binding 
of CLlP-170 to tubulin polymer is regulated by phosphoryla-
tion. Phosphorylation releases CLlP-170 from microtubules, 
whereas dephosphorylation induces rebinding (Rickard & 
Kreis, 1991). This phosphorylation probably occurs on clus-
ters of serines adjacent to the microtubule binding sites of 
CLlP-170. 

CLlP-170 is found on interphase and mitotic microtubules 
by immunofluorescence. Its distribution is patchy, and it 
accumulates at the plus ends of a subset of microtubules. 
It co localizes partially with endocytosed transferrin receptor 
suggesting that it is associated with endosomes. Further-
more, the protein is associated with regions of cell-cell 
contacts, the desmosomal plaques, in Madin-Oarby canine 
kidney (MOCK) cells grown to confluency. We are currently 
trying to identify the ECV and desmosomal plaque associ-
ated receptor(s) for CLlP-170. 

We have continued to use a sedimentation assay for identi-
fying the cytosolic factors that mediate interaction of trans-
Golgi network-derived carrier vesicles (TGV) from polarized 
MOCK cells with polymerized tubulin (van der Sluijs et al., 
1990). As for ECV, interaction of TGV with microtubules 
depends on membrane-associated proteins and cytoplasmic 
factors, but not on the microtubule-based motor proteins. We 
have separated two soluble cytoplasmic protein fractions 
which both mediate interaction of TGV with microtubules. 
The protein responsible for the activity of one of these 
fractions, CLlP-60, has been cloned and sequenced, and 
we are currently characterizing this protein at the molecular 
level. We are also analysing further the activity in the other 
fraction. It will be interesting to see whether these two fac-
tors mediate selective binding of apically and basolaterally 
targeted TGV to microtubules. 
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Elements of the Golgi complex also bind to microtubules 
via membrane-associated proteins and cytoplasmic factors 
other than the known microtubule-based motors. Further-
more, we have established that binding of Golgi elements 
to microtubules on magnetic beads depends on proteins 
different from those mediating binding of ECV or TGV to 
microtubules. We will use these in vitro binding assays to 
further characterize the different proteins involved in the 
interaction of cytoplasmic organelles with microtubles. 

Golgi complex-associated proteins 

The Golgi complex is a key organelle involved in the sorting 
and processing of newly synthesized membrane and se-
cretory proteins. Trafficking of these proteins towards and 
through the Golgi complex is regulated by factors which 
form coated structures on the cytoplasmic surface of this 
organelle. These coats may be part of, or interact with, a 
Golgi complex-associated exoskeleton or scaffold controling 
budding or fusion events. Components of this exoskeleton 
may mediate interaction of the Golgi complex with micro-
tubules (via CLIPs), and other components may be involved 
in maintaining the integrity of this organelle and its micro-
tubule independent anchoring to the perinuclear region of 
the microtubule organizing center. 

We have characterized ,8-COP, a protein of Mr 110,000 
associated with the cytoplasmic face of the Golgi complex, 
using a monoclonal antibody (M3A5; Allan & Kreis, 1986). 
,8-COP is associated with nonclathrin coated vesicles and 
the Golgi complex, and it shows homology to ,8-adaptin, a 
component of the Golgi complex associated clathrin adap-
tor complex HA1 (Duden et a/., 1991). Binding of ,8-COP 
(and HA 1) to membranes of the Golgi complex depends 
on trimeric GTP-binding proteins. ,8-COP is present in a 
membrane bound form and in a cytosolic protein complex of 
13-14S, with a Stokes radius of ",10 nm and an estimated 
Mr of ",550,000. This complex has been immunoprecipi-
tated in a native form with antibodies against ,8-COP. It is 
composed of proteins which are similar in molecular weight 
to those of the HA 1 complex. We are in the process of 
characterizing the other COPs at the molecular level to test 
in detail the hypothesis that the COP- and HA i-complexes 
may be homologous. 

We have generated a battery of antibodies directed against 
specific epitopes on ,8-COP. We could demonstrate that 
,8-COP is essential in biosynthetic transport in vivo by 
microinjection of these antibodies into cells. Microinjected 
anti-,8-COP antibodies block transport of newly synthesized 
membrane proteins (ts-045-G) at the interface of the endo-
plasmic reticulum and the cis-most cisternae of the Golgi 
complex (collaboration with G. Griffiths & R. Pepperkok). 
These microinjected antibodies affect the mobility of ts-
045-G in the membranes adjacent to the cis-side of the 
Golgi complex, as determined by fluorescence recovery 
after photobleaching (FRAP) experiments performed with 
the confocal laser scanning microscope developed at EMBL 
(collaboration with E. Stelzer). We are analysing the precise 
function of COPs in cytoplasmic membrane transport in 
further detail. 
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The role of subsets of microtubules 
in intracellular membrane traffic 

Microtubules playa key role in the spatial organization and 
movement of cytoplasmic organelles (Kreis, 1990). Subsets 
of stabilized interphase microtubules appear to be involved 
in the translocation or positioning of specific cytoplasmic 
organelles (Matteoni & Kreis, 1987; Ho et a/., 1989). We 
have therefore begun to identify factors that may regulate 
the dynamic properties of microtubules. The subclass of 
microtubules containing predominantly detyrosinated tubulin 
(Kreis, 1987) seems not to be essential for intracellular 
movement of organelles (Matteoni & Kreis, 1987; Ho et 
a/., 1989). Other specific factors must therefore be in-
volved in defining these subsets of translocation-active mi-
crotubules. 

We have shown by microinjection of rhodamine-labelled 
tubulin and FRAP that establishment of cell-cell contacts 
leads to microtubule stabilization in epithelial cells, but not in 
fibroblasts (Pepperkok et a/., 1990). Thus, epithelial cells, in 
contrast to fibroblasts, appear to induce microtubule stabiliz-
ing factors as they establish cell-cell contacts. Interestingly, 
CLlP-170 accumulates in desmosomal plaques in confluent 
MOCK cells (collaboration with J. de Mey & I. Wacker). We 
have characterized a novel microtubule associated protein 
of M r 115,000 which is preferentially expressed in polarized 
epithelial cells (E-MAP-115). Over-expression of E-MAP-
115 in fibroblasts, which normally express this protein at low 
levels, results in stabilization of microtubules. We are further 
investigating the mechanism leading to the stabilization of 
microtubules, the role of stabilized microtubules in intracel-
lular membrane traffic, and we are continuing our efforts 
towards identifying novel microtubule binding proteins. 

Thanks 

This group left EMBL in summer 1992. The invaluable help 
of our collegues there, the numerous interactions and the 
very stimulating environment at EMBL have supported us in 
many ways in achieving several of our research goals. We 
thank you all for your generous help. 
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Control of the organization of microtubules during mitosis and cell polarization 

Group leader: E. Karsenti 

Fellows: H. Boleti*, B. Buendia, D. Chretien, P. Clarke, S. Reinsch*, I. Vernos* 

Visitors: J. Dominguez, F. Verde* 

Assistants: J. Coleman*, S. Faruki, A. Sawyer 

In interphase, microtubules form a more or less dynamic 
network of fibres, usually originating at the centrosome, but 
not always. They playa role in intracellular movement and 
positioning of organelles (mitochondria, Golgi apparatus, 
cytoplasmic vesicles). Moreover, during cell differentiation, 
microtubules become reorganized according to cell shape 
changes and to specific functions they have to fulfil. When 
the cell enters mitosis, the interphase network disappears 
and microtubules start to assemble the mitotic spindle, the 
function of which is to segregate the chromosomes among 
the two daughter cells without failure. Therefore, one im-
portant function for microtubules seems to be, in interphase 
as well as in mitosis, to guide and orient intracellular move-
ments. In turn, the spatial organization of microtubules in the 
cell is determined by various internal and external signals. 
Our goal is to identify such signals and study their global or 
local effects on structures and molecules involved in micro-
tubule nucleation, dynamics, orientation and organization in 
the cell. 

This year, we have continued to study mitosis in Xenopus 
egg extracts, focusing on the temporal control of cdc2 ki-
nase, a major regulator of the microtubule network during 
mitosis, the regulation of the microtubule nucleating activity 
of centrosomes and the regulation of microtubule dynam-
ics. In addition, we have begun to characterize kinesin-like 
molecules in Xenopus eggs and reactivated the line of 
research dealing with the control of microtubule orientation 
in polarized epithelial cells. 

Temporal control of cdc2 kinase 

Xenopus eggs are laid arrested at metaphase II of meiosis. 
Following fertilization or artificial activation, the egg enters 
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 
of the activation of an histone H1 kinase which is essential 
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to induce mitosis. The catalytic subunit of this enzyme is a 
34 kDa protein, homologous to the yeast cdc2+ cell cycle 
gene product. The histone kinase activity of p34-cdc2 is 
stimulated by its interaction with regulatory subunits, the 
cyclins, but final activation also requires dephosphorylation 
on thr14 and tyr 15, two residues located in the ATP binding-
site of cdc2 (Clarke & Karsenti, 1991; Nurse, 1990). 

80th in the early embryonic cell cycle and in somatic 
cells, different cyclin molecules are accumulated and de-
graded periodically. In particular during S-G2 prophase and 
metaphase, two types of cyclins (A and 8), accumulate and 
are thought to play specific roles (8uendia et al., 1991; 
Hunter & Pines, 1991). Moreover, the histone H1 kinase 
activity associated with A-type cyclins increases early in the 
cell cycle (during S-phase) remains high during prophase 
and disappears in metaphase. The kinase activity asso-
ciated with cyclin 8 remains low in S-prophase and in-
creases abruptly during metaphase. We have studied the 
mechanism of activation of cyclin A- and cyclin 8-dependent 
kinases by adding cyclin A and cyclin 8 to Xenopus egg ex-
tracts containing the inactive monomeric form of cdc2. 80th 
cyclins bind mostly to cdc2, but the timing of activation of the 
kinase is different. The cdc2 kinase activates immediately 
following addition of cyclin A to the extract whereas after 
cyclin 8 addition, it activates after a 20-30 minutes lag (if 
sea urchin cyclin 8 is used) or not at all (if Xenopus cyclin 81 
is used). We have shown that this difference is correlated 
with a difference in phosphorylation of tyr 15. Following 
cyclin A addition, there is no phosphorylation of the associ-
ated cdc2 subunit on tyrosine. Following sea urchin cyclin 8 
addition, there is a transient phosphorylation on tyr 15 
which disappears as the kinase becomes activated, and 
with Xenopus cyclin 81, there is permanent phosphorylation 
on tyrosine. This suggests that, at least in Xenopus eggs, 
the kinase activity associated with cyclin A increases before 
that associated with cyclin 8 because there is no transient 
inhibitory tyrosine phosphorylation on the cdc2 molecules 
that bind to cyclin A (Clarke et al., 1992). This probably 



PLATE 4 

Mechanism of activation of p34-cdc2/cyclin 8 kinase 

The activation of the kinase involves transient phosphorylation on 
thr14 and tyr 15 in the ATP binding-site. As long as these sites 
are phosphorylated the kinase is inactive. Triggering of the positive 
feed back loop that activates the cdc25 phosphatase results in 
rapid dephosphorylation of the inhibitory sites and rapid activation 
of p34-cdc2/cyclin B kinase. It is not yet clear how the autocatalytic 
loop is triggered. 
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allows the cyclin A-cdc2 complex to perform functions during 
S- and prophase while the cyclin B-cdc2 kinase complex 
remains inactive because of the phosphorylation of cdc2 in 
the ATP binding-site on tyr 15. This is an interesting example 
of specific temporal regulation of a kinase catalytic subunit 
by two closely related regulatory subunits that target the 
catalytic subunit to differential phosphorylation. 

One important open question concerns the timing of activa-
tion of cdc2-cyclin B. We and others have now accumulated 
evidence that this timing is determined by a change in 
the relative activity of the kinase that phosphorylates cdc2 
on tyrosine, and the opposing phosphatase, the product 
of the cdc25 gene in S.pombe or its homologs in higher 
eukaryotes. We have shown, in collaboration with Giulio 
Draetta's group in the Differentiation Programme, that cdc25 
is activited by phosphorylation and that activation of the cdc2 
molecules associated with cyclin B in egg extracts requires 
phosphorylation of cdc25 (Plate 4). Moreover, cdc25 is 
phosphorylated and activated directly by the cdc2 cyclin B 
complex, creating a positive feed back loop that probably ac-
counts for the rapid activation of the cdc2-cyclin B complex 
just before metaphase (Hoffman et a/., 1993). Very recently, 
we have also identified the phosphatase that dephosphory-
lates cdc25: it is as a type 2A phosphatase (Clarke et at. 
submitted). 

Differential regulation of microtubule 
dynamics by cyclin A and cyclin B 
dependent kinases 

/n vivo, during interphase, microtubules have a half life 
of about 10 min and can reach 40-60 f.lm in length or 

even close to one mm in Xenopus eggs. During prophase, 
microtubules shorten somewhat and become slightly more 
dynamic. In the mitotic spindle, microtubules have a half life 
of about 1 min and do not exceed 6-7 f.lm 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 et a/., 1990). The activation of cdc2 kinase 
by addition of cyclin B to interphase egg extracts has the 
same effect (Belmont et a/., 1990). However, when cdc2 
kinase is activated by cyclin A, the effect is different. Micro-
tubules do not shorten although they become slightly more 
dynamic as in a prophase cytoplasm. We have examined the 
dynamical properties of centrosome-nucleated microtubules 
in interphase, cyclin A and cyclin B treated extracts by 
fluorescence video microscopy. In all extracts, the ends of 
individual microtubules are rarely, if ever, stationary. They 
grow, shrink or alternate with a certain frequency from the 
phase of growth to shrinkage (catastrophe) and shrink-
age to growth (rescue). The cyclin B kinase increases the 
catastrophe frequency 5-10-fold and decreases the rescue 
frequency observed in interphase extracts. The cyclin A 
kinase does not increase the catastrophe frequency but 
decreases the rescue frequency as cyclin B does. The 
apparent steady state length of centrosome-nucleated mi-
crotubules in cyclin A- and cyclin B-treated extracts is deter-
mined by the ratio between the values of the different param-
eters of microtubule dynamic instability (Verde et a/., 1992). 
Therefore, we think that the change in microtubule length 
and organization that takes place in prophase and then in 
metaphase is determined by the successive activation of 
cyclin A (or a related molecule) and cyclin B kinases. The 
short steady state size of microtubules in the presence of 
cyclin B-dependent kinase is due to the increased frequency 
of catastrophes at microtubule ends. We have shown that 
this is due to the activation of a factor that actively increases 
the catastrophe frequency during mitosis (Faruki et a/., 
1992). Rebecca Heald who will join the laboratory in January 
will work on the characterization of this factor. It is also 
important to understand the structural basis of microtubule 
dynamic instability as this may allow to understand how it 
could be modulated during the cell cycle. Denis Chretien 
has started to observe samples of pure microtubules or 
microtubules in Xenopus egg extracts embedded in vitrified 
water by electron microscopy (Chretien et a/., 1992; Plate 5). 
Very interesting images of growing microtubules have been 
obtained in which individual protofilaments seem to grow 
independently before closing into a tube. He is presently 
trying to correlate the structure of pure microtubule ends 
observed in vitrified water with their dynamic properties 
when observed by interference contrast video microscopy 
under exactly the same conditions (Plate 5). Once the con-
ditions have been established with pure tubulin, the same 
experiments will be carried out in interphasic or mitotic egg 
extracts and the effect of known MAPs on microtubule end 
structure examined. These experiments should tell us if 
there is a correlation between microtubule end structure and 
the state of the polymer (growing or shrinking), velocity of 
growth or shrinking and frequencies of catastrophes and 
rescues. 
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PLATE 5 

Visualisation of centrosome-nucleated microtubules by cryo-
electron microscopy and video microscopy 

When centrosomes are added to a solution of pure tubulin they 
nucleate the assembly of microtubules which are then observed 
in an electron microscope equipped with a cold stage, after rapid 
freezing in a thin layer of vitrified water. In the image shown in (a), 
microtubules were frozen while most of them were in a growing 
phase. Note the protofilament extensions emanating from micro-
tubule ends. In the image shown in (b), microtubules are observed 
in real time, under the video microscope, using differential interfer-
ence contrast microscopy. With this method the 4 parameters of 
microtubule dynamic instability can be determined. 
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Regulation of microtubule nucleation 

Another important aspect of mitotic spindle assembly deals 
with the changes in the microtubule nucleating activity of 
centrosomes which take place at the onset of mitosis. We 
have strong indication that only one form of cdc2 kinase 
can increase the nucleating activity of centrosomes: the 
form associated with cyclin A (Buendia et al., 1992). This is 
important because the nucleating activity of centrosomes in-
creases early in mitosis, during prophase, when the cyclin B 
kinase is probably not yet very active, the chromosomes not 
yet condensed and the nuclear envelope still intact. Now, 
we are focusing on the characterization of two centroso-
mal proteins present in egg extracts that also behave as 
microtubule bindinq proteins. We have developed an assay 
in which urea inactivated centrosomes can be reconstituted 
by fractions obtained from egg extracts. Proteins eluted from 
microtubules polymerized in egg extracts in the presence of 
taxol, restore the microtubule nucleating activity of the urea 
inactivated centrosomes. Among several proteins present 
in this eluate, two (240 and 320 kDa) are recognized by 
antibodies raised against rat brain MAP1 B. The same an-
tibodies strongly stain centrosomes both in situ and after 
isolation. We plan to further purify these proteins and char-
acterize their interaction with centrosomes and tubulin. This 
work involves a collaboration with the group of J. Avila in 
Madrid. 

Motors and microtubule organization 

We have shown that cytoplasmic dynein and kinesin are 
present in frog egg extracts from which they can be purified. 
Low taxol concentrations induce the assembly of short mi-
crotubules in mitotic extracts. With time, these microtubules 
reorganize into asters containing in their centre centrosomal 
material (Buendia et al., 1990). The formation of such asters 
requires the participation of cytoplasmic dynein, suggesting 
that microtubule sliding is involved in this process (Karsenti, 
1991). This has important implications for our way of thinking 
about spindle pole assembly. In fact microtubule motors, 
in particular kinesin-like molecules, have recently been im-
plicated in virtually all aspects of mitotic spindle assembly 
and function, from the organization of the poles to anti-
parallel microtubule interaction, including kinetochore move-
ment along microtubules (Karsenti, 1991; Sawin & Scholey, 
1991). This gives a new dimension to our understanding of 
how microtubules could be oriented and organized in three 
dimensions in the spindle. In differentiated cells, orientation 
of microtubule could also be achieved through the action 
of motors anchored in specific cellular domains. Isabelle 
Vernos who recently joined my laboratory started to clone 
kinesin-like molecules using a PCR approach and a cDNA 
library from Xenopus oocytes while she was in Chris Wylie's 
laboratory. She now has the full-length sequence of one 
kinesin-like protein (called X-KLp 1) and has generated 
several fusion proteins expressed in bacteria. The strategy 
will be to characterize the proteins at the molecular level, 
to raise antibodies against peptides and fusion proteins 
for use in determining the localization of the molecules 
in embryos and tissue culture cells, to determine the di-
rectionality of movement and motor characteristics of the 
proteins expressed in bacteria by video microscopy, and 
finally to interfere with their function in vivo and in vitro 



using specific antibodies and anti-sense approaches. The 
potential developmental function of these molecules will be 
studied in collaboration with the laboratory of C. Wylie. If 
some of these molecules are localized to the spindle, we will 
examine their function in this process as well. This project 
may turn out to be pretty central in the next few years as 
T. Hyman is joining EMBL to work on the movement of 
kinetochores along microtubules and Anne Ephrussi in the 
Differentiation Programme is interested in the microtubule-
dependent movement of mRNA in Drosophila embryos. 
Moreover, Sigrid Reinsch, in my laboratory, is now inves-
tigating the orientation mechanism of microtubules in polar-
ized Madin-Darby canine kidney (MDCK) cells and this may 
also turn out to involve microtubule motors. 

Organization of interphase and mitotic 
microtubules in epithelial cells 

A few years ago, we started to examine the organization 
of microtubules during the establishment of cell polarity in 
MDCK cells. We reached the conclusion that, in polarized 
MDCK cells, microtubules are mainly organized as bundles 
oriented parallel to the apico-basal axis of the cells, with 
their plus end facing the basal domain (Bacallao et al., 
1989). This is achieved through a reorganization of the 
network which takes place following the establishment of 
cell contacts and involves progressive microtubule stabi-
lization. We still do not understand how these microtubules 
are oriented. Sigrid Reinsch has recently started to work 
on this problem again. She has three goals: examine the 
localization of specific proteins thought to be involved in 
microtubule nucleation in polarized MDCK cells (I'-tubulin; 
MAP1-B like proteins), examine whether motor proteins are 
involved in the orientation of microtubules during cell polar-
ization and finally to determine how mitosis takes place in 
these cells and how the interphase network is re-established 
after cell division. She has just started to look at the lo-
calization of I'-tubulin. This protein seems to be localized 
mostly around the centrioles, which do not nucleate many 
microtubules in polarized cells. The apical minus end of the 
vertical microtubule bundles do not seem to be decorated 
by the anti-I'-tubulin antibody. A study of cell division in fully 
polarized cells has shown that there is a continuous low 
level of mitotic cells. Interestingly, somewhere between S-
phase and early prophase, one of the two centrioles moves 
away from the apical membrane and migrates down toward 
the nucleus. Then, the interphase network disappears and 
prophase asters are nucleated by the two centrioles. Finally, 
the mitotic spindle assembles in the apical-most domain, 
the cleavage taking place along the apico-basal axis of 
the cell. It seems that cell junctions are used as a cue 
to determine where the mitotic spindle assembles. We will 
keep working along these lines to understand how cell-cell 
interactions could determine the orientation of microtubules 
both in interphase and during mitosis in polarized epithelial 
cells. 

In summary, both in mitotic spindle assembly and during the 
establishment of differentiated arrays, microtubule organiza-
tion in three dimensions seems to require a precise regula-
tion of their dynamics, a control of nucleation and plus end 
capping, as well as the coordinated action of microtubule 

motors which can read the polarity of microtubules and 
therefore influence their orientation. We hope to understand 
the basic principles that rule these complex morphogenetic 
processes. 
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The compartments of the biosynthetic and endocytic pathways 

Group leader: G. Griffiths 

Scientist: R. Parton 
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Visitors: A. Jahrhaus, S. Urbe 

Assistants: M. Ericsson, H. Horstmann, B. Joggerst-Thomalla* 

The assembly of vaccinia virus (B. Sodeik, 
M. Schmelz, S. Cudmore, M. Ericsson & G. Griffiths) 

Vaccinia virus is the best characterized member of the 
Poxviridae, the causative agents of all poxvirus diseases, 
such as Smallpox. Since it is a DNA virus that assembles 
in the cytoplasm it has been extensively used as a model 
system to study DNA replication and transcription. It has 
also become one of the most popular systems to express 
foreign proteins in eukaryotic cells. Despite this widespread 
usage the mechanisms by which the virus becomes as-
sembled are only poorly understood. This is especially true 
for the manner in which the virus acquires more than one 
membrane envelope. It is on this latter question that our 
initial efforts have been focused. 

The long-standing dogma in the vaccinia field was that the 
first viral form, the spherical immature virion (IV) contained 
only one membrane and that this membrane was acquired 
by a mechanism without precedent in cell biology, namely, 
de novo membrane biosynthesis. Our data are not consis-
tent with this notion but argue, first, that the IV has two 
distinct membranes, and second, that these membranes 
are in continuity with cisternal membrane elements of the 
intermediate compartment (IC) between the endoplasmic 
reticulum (ER) and the Golgi complex. This is based on 
electron microscopic (EM) immunolocalization studies using 
five different markers of this compartment, p58 (antibody 
from J. Saraste, University of Bergen, Norway), p53 (anti-
body from H.P. Hauri, Biocentre Basel, Switzerland), Rab2 
(antibody from M. Zerial), Ypt Ip (antibody from D. Gallwitz, 
University of G6ttingen, Fed. Rep. of Germany) and the E1 
protein of infectious bronchitis virus. The latter is expressed 
using a recombinant vaccinia virus (VV-E1 (IBV)) obtained 
from C. Machamer (Johns Hopkins University, Baltimore, 
USA; Sodeik et al., in press). 

We have now localized a number of vaccinia proteins and 
the results are listed in Plate 6. This Plate also depicts our 
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working model for the assembly of the viral membranes. 
Our data argue that the fusion of the "ends" of the IV gives 
rise to the two-membraned precursor of the intracellular 
naked virus (INV) that is free in the cytoplasm. The majority 
of the IV profiles seen in thin sections are accessible to 
both colloidal gold and to digestion by proteinase K in 
permeabilized cells (Sodeik et aI., in press). The IV develops 
into the brick-shaped INV, a process characterized by the 
acquisition of a membrane-associated protein VV-p14. This 
protein is essential for the next step in the assembly, the 
enwrapping of the INV by a membrane cisterna which, 
from our localization data, are enriched in four membrane 
proteins of the virus, VV-p37, VV-p42, VV-p21, VV-HA. It 
has been proposed that an interaction between the VV-p14 
and a cytoplasmic domain of the W-p37 triggers the wrap-
ping process. Since the content of the wrapping cisterna 
is accessible to markers such as horseradish peroxidase 
and BSA-gold added to the culture medium it argues that 
there is a major route from the medium to the lumen 
of the wrapping membranes. Co-localization experiments 
with a number of markers of the endocytic pathway, such 
as Rab5 and Rab7 argued that the wrapping cisterna is 
distinct from the known endocytic compartments. In con-
trast, this cisterna is enriched in the M protein of mouse 
hepatitis virus, a marker that we have shown to be lo-
calized predominantly to the trans-Golgi network (TGN) in 
cells infected with a vaccinia recombinant expressing M 
(Krijnse-Locker et aI., 1992). The simplest explanation for 
these observations is that the wrapping cisterna belongs 
to the TGN and that the recycling pathway from endo-
somes to TGN is greatly stimulated in vaccinia virus infected 
cells. 

The model shown in Plate 6 is also supported by lipid 
analysis of INV and extracellular enveloped virus (EEV) 
purified on caesium chloride gradients. These data show 
that the lipid composition of INV is similar to membranes 
from late ER/early Golgi while that of EEV is consistent with 
a derivation from a late Golgi or post Golgi compartment 



PLATE 6 

Assembly of vaccinia virus; localization of structural VV-proteins 

When cells are infected in the presence of rifampicin, there is no 
virus assembly but rifampicin bodies accumulate. In the absence 
of this drug the first viral structures are the spherical crescents 
which are derived from a membrane cisterna of the Ie between 
the ER and the Golgi apparatus. The crescents further mature into 
the immature virions (IV) which incorporate the viral DNA. The latter 
appears to be inserted just prior to the sealing of the IV (intermediate 
form - indicated) The intermediate form loses its spherical shape 
and the brick-shaped INVs are formed. Some of the INVs become 
enclosed by a membrane cisterna which is presumably derived from 
the TGN. The IEVs (intracellular enveloped virus) fuse with the 
plasma membrane and the EEVs are released into the medium. 

INVIIMV 

(in collaboration with RW. Doms, W. van 't Hoff and G. 
van Meer; Sodeik et al., in press). Our present efforts are 
focused on attempts to reconstitute some of the assembly 
steps of the virus in vitro, using streptolysin 0 permeabilized 
cells. This effort is facilitated by two, well-characterized 
drugs that can reversibly block different steps in the assem-
bly pathway. The first is rifampicin, which interacts directly 
or indirectly with VV-p65, and thereby blocks the formation 
of IV. The second is IMCBH, a drug that directly or indirectly 
affects VV-p37, thereby blocking the wrapping of INV by the 
membrane cisterna. 

The viroplasm of the rifampicin bodies, the viral crescents and the 
IV contain the core proteins VV-p11, VV-4a, VV-4b and VV-p39. 
VV-p65, an essential protein for crescent formation, is proposed 
to bind via a putative membrane receptor to the inner membrane 
of the crescents. VV-p32 is an integral membrane protein of the 
outer membrane of the crescents, the IVs and the INVs. VV-
p14, a peripheral membrane protein, becomes post-translationally 
associated with an intermediate form during the maturation from 
the IV to the INV. The wrapping membrane cisterna which encloses 
the INVs to form the lEV containing VV-HA, VV-p42, VV-p37, and 
VV-p21. 

lEV 

The organization of the intermediate compartment 
between the ER and the Golgi complex (G. Griffiths, 
M. Ericsson & H. Horstmann) 

The above results with vaccinia virus prompted us to look 
in more detail, and in other ways, at the organization of the 
IC. We have now examined many cell types with most of 
the available markers by immunoelectron microscopy. The 
working model that arises from these observations is that 
the membranes of the IC are continuous with membranes 
of the rough ER and the nuclear envelope and extend down 
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to cisternal elements on one side of the Golgi stack. When 
vesicular stomatitis virus (VSV) infected cells are arrested 
at 1So C (the classical ER to Golgi block) a large proliferation 
of budding vesicle profiles is seen that are enriched in both 
,B-COP and in the G protein of VSV (in collaboration with 
Thomas Kreis's group). The compartment where the bulk 
of the G protein accumulates under this condition is the IC, 
as defined by pS3. It is also enriched in protein disulfide 
isomerase (POI - antibody provided by Stephen Fuller), 
normally considered to be an exclusive marker of the rough 
ER, but which we consistently find also in the IC. 

In a separate series of experiments (in collaboration with 
Rainer Pepperkok, Jochen Scheel, & Thomas Kreis) we 
could show that when VSV-infected cells are microinjected 
with anti ,B-COP antibodies the G protein is arrested in a 
form that is predominantly endo H-sensitive (an indication 
that it has not reached the medial part of the Golgi com-
plex). EM localization analyses on these microinjected cells 
confirmed that little G protein reached the Golgi stack, in 
contrast to cells injected with control antibodies. In Epon 
sections a large proliferation of tubular vesicular membrane 
structures was seen on the (presumably) cis side of the 
Golgi complex that were in direct continuity with the rough 
ER. Collectively, these data argue that ,B-COP functions in 
the transport of G-protein from the IC to the Golgi complex. 

An additional system we have used to examine the IC 
involves mouse cells infected with the coronavirus mouse 
hepatitis virus (MHV) (in collaboration with J. Krijnse-Locker 
& P. Rottier, Utrecht; Krijnse-Locker et al., 1992). Earlier 
work by Tooze et al. (1988) had demonstrated that this 
virus buds into membrane structures on the cis side of the 
Golgi complex and that, in this budding compartment the 
M protein (previously referred to as E 1) acquired the first of 
its O-linked sugars, N acetyl galactosamine (GaINac). Our 
morphological data show that this budding compartment is 
enriched in pS8, the marker of the IC (from J. Saraste) and 
that the membranes of this structure are continuous with 
both the rough ER and with the first, cis Golgi cisterna. It 
also contains significant concentrations of protein disulfide 
isomerase (POI) (see above). The budding compartment 
also contains vesicular buds that contain ,B-COP, in agree-
ment with our data on the VSV G protein (see above). 
Finally, labelling studies with the GalNac-specific lectin from 
Helix pomatia show that, while the rough ER is devoid of 
labelling, the budding compartment, including the budding 
virions themselves, label strongly with this lectin. 

Complementary biochemical experiments have addressed 
the conditions required by the newly synthesized M protein 
to acquire the marker sugar of the IC, GalNac. In vivo 
labelling data using 35S methionine show clearly that the 
protein, first made as an unglycosylated precursor, acquires 
GalNac under conditions in which ATP is depleted by ",98%. 
GalNac is also acquired at 14' C. However, under either ATP 
depletion, or at 14'C there was no acquisition of galactose 
and sialic acid, indicating that the protein has not reached 
the Golgi complex. These results are also supported by 
in vitro data from SLO-permeabilized cells which show 
that, while GalNac addition cann occur without exogenous 
cytosol and ATP the presence of both are essential for the 
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M protein to acquire Golgi modifications. Collectively, our 
data argue that ER to Golgi transport is dependent on one, 
,B-COP mediated, vesicular transport step. 

Biogenesis of Phagolysosomes 
(M. Desjardins, H. Horstmann & A. Jahraus) 

In a previous publication (Rabinowitz et al., 1992) we 
showed that latex beads taken up via phagocytosis by 
macrophages accumulate with time in the late endosomal or 
prelysosomal compartment (PLC). This PLC was accessible 
to markers taken up from the medium and enriched in 
Rab7, the low molecular weight GTP-binding protein that 
is a marker of PLCilate endosomes. 

We have now taken advantage of the low buoyant density of 
latex beads to float the bead-containing compartment away 
from the bulk of the cellular organelles using a step-sucrose 
gradient system. Initial studies showed that the bead-
containing membrane fraction from J774 macrophages was 
enriched in Rab7, in the lysosomal marker enzyme ,B hex-
osaminodase and in LAMP 1 and 2, the well-characterized 
membrane proteins that are enriched in the PLC/Iate endo-
somes and in Iysosomes. This fraction is not significantly 
contaminated by markers of either early endosomes or the 
Golgi complex. 

A kinetic analysis of phagolysosome formation was un-
dertaken using quantitative immunocytochemistry. These 
studies show that the membranes around the latex bead 
gradually acquire LAMP 1 and 2 and that this process is 
dependent on an intact microtubule network. 

Two-dimensional gel electrophoresis was used to analyse 
the protein composition of phagosomes formed in cells 
metabolically labelled with 35S methionine (in collaboration 
with Lukas Huber, Simons's group). The pattern of the 
proteins associated with the phagosomes formed after 1 h 
of pulse and 1 h of chase of latex beads is significantly 
simplified when compared with the homogenate or the total 
membrane preparation of the cells. Most of the proteins 
associated with the phagosomes are for the moment not 
identified. However, we were able to observe the presence 
of LAMP 1 and LAMP 2 as well as three other proteins with 
mobilities similar to those observed in endosome and vesicle 
preparations from other groups at EMBL (Gruenberg and 
Simons). These are annexin 2 and the ,B1 and,B2 subunits 
of trimeric G proteins. Phagosomes formed after similar 
times in baby hamster kidney (BHK) and normal rat kidney 
(NRK) cells (which are not considered to be "professional 
phagocytes") were also shown to contain these proteins, as 
well as numerous unidentified common proteins. 

Analysis of the protein pattern of phagosomes formed after 
different internalization times showed variation with time, 
characterized by both the disappearance and appearance 
of proteins. In some cases, such as for LAMP 2, the ap-
pearance with time is progressive up to at least 3h after 
the chase of beads. These results complement the data ob-
tained by immunocytochemistry, and suggest that the forma-
tion of phagolysosomes proceeds by progressive changes in 
the composition of proteins. Analysis by two-dimensional gel 



electrophoresis and GTP-blotting was performed to identify 
the GTP-binding proteins associated with the various phago-
somes preparations. In this case, early phagosomes were 
shown to contain members of the Rab family, proteins asso-
ciated to and involved in the recognition/fusion machinery of 
endocytic organelles (see Zerial's and Gruenberg's reports). 
Thus, we could identify spots that migrate at the positions 
expected of Rab5 a, b, and c, as well as Rab7 (see Simons's 
report). A kinetic analysis suggests that members of the 
Rab5 family disappeared with time, while Rab7 increased. 
After about 2 hrs, phagosomes are predominantly enriched 
in Rab7 and the LAMP molecules, displaying the structural 
and functional (b-hexosaminidase activity) characteristics of 
the PLC/Iate endosomes. 

Work is now in progress to further characterize the com-
position of phagosomes as well as the processes involved 
in their biogenesis. We hope using the latex method, to be 
able, to identify and study some of the unknown proteins 
associated with the phagosomes. In a complementary study 
we will also study the formation of phagosomes using video 
microscopy. 

The interactions between the PLC/Iate endosomes and the 
terminal Iysosomes were also investigated in NRK cells 
using an approach that allowed us to internalize and deliver 
specific markers to these compartments, and look for their 
meeting (a project done in collaboration with Brian Stor-
rie, University of Virginia, sabbatical visit). Internalization 
of sucrose resulted in its accumulation in the Iysosomes 
which became significantly swollen. The resulting struc-
tures (sucrosomes) were visible in the light microscope. To 
mark the PLC/Iate endosomes, latex beads were used as 
phagocytic markers that, as shown previously (Rabinowitz 
et al., 1992) are delivered specifically to, and reside in, this 
compartment. When invertase is added to the medium of 
cells that have formed sucrosomes it reaches the Iysosomes 
where it cleaves sucrose into fructose and glucose. These 
sugars, unlike sucrose, can be transported into the cytosol, 
resulting in the disappearance of the sucrosomes. We there-
fore asked whether invertase conjugated to latex beads, that 
reside in the PLC/Iate endosomes, would have access to 
the sucrose in the more distal lysosome compartment, as 
evidenced by the disappearance of the sucrosomes. Our 
results showed clearly that the two compartments do in fact 
meet, thus arguing for a retrograde transport, presumably 
involving fusion from the Iysosomes to the PLC/Iate endo-
somes. Experiments using nocodazole indicated that this 
retrograde fusion event requires the presence of an intact 
microtubule network. 

Caveolae, VIP-21 and glycosphingolipid distribution 
(R. Parton) 

Recently an integral membrane protein of TGN-derived vesi-
cles was cloned and sequenced in the Simons's laboratory. 
This protein, named VIP-21, was shown to be present in a 
detergent-insoluble complex containing a protein destined 
for the apical surface of MDCK cells (Kurzchalia et al., 
1992). This suggested that VIP-21 could be associated with 
the sorting machinery in the TGN of epithelial cells (see 
Simons's report). We examined the subcellular distribution 

of VIP-21. By immunofluorescence VIP-21 was localized 
to the Golgi and the plasma membrane (Dupree et al., 
submitted). By immunoelectron microscopy, VIP-21 present 
on the plasma membrane was found to be associated with 
non-clathrin-coated invaginations. To our surprise, labelling 
of endothelial cells showed that these structures were plas-
malemmal vesicles or caveolae. 

What are caveolae and what relationship might they have 
to sorting to the apical surface of epithelial cells? Although 
caveolae were characterized morphologically many years 
ago their function remains enigmatic. Postulated functions 
include transcytosis in endothelial cells (Palade & Bruns, 
1968) and potocytosis, in which the transient closure of 
the neck of the caveola is believed to allow the gener-
ation of a specialized microenvironment (Anderson et al., 
1992). Non-coated invaginations have also been implicated 
in the internalization of glycosphingolipid-binding toxins and 
GPI-anchored proteins (Tran et al., 1987; Keller et al., 
1992). The latter are particularly interesting in terms of 
the postulated role of glycosphingolipid-enriched domains in 
sorting of proteins (including GPI-anchored proteins) to the 
apical surface of the MDCK cell. We therefore investigated 
whether glycosphingolipids are enriched in VIP-21-positive 
caveolae. 

Conventional techniques for immunolocalization on thin 
frozen sections have been shown to be unsuitable for 
lipid localization, causing extraction or even redistribution 
of the antigen. A newly-developed technique was therefore 
employed in which the specimen is fixed, cryo-protected 
and then frozen in liquid nitrogen. After dehydration at low 
temperature (freeze-substitution) the sample is embedded 
in a Lowicryl resin (van Genderen et al., 1991). Sections 
prepared in this way were then labelled with the binding 
SUb-unit of cholera toxin attached to colloidal gold. This 
provides a specific marker for the ganglioside GM1. As 
shown in Plate 7 specific labelling is evident in endocytic 
compartments and in the Golgi area of the cell. However, 
the Golgi cisternae and the ER are unlabelled. We were 
also able to show heterogeneity in the plasma membrane 
distribution of the GM1; caveolae, defined morphologically, 
were shown to be enriched for GM1. Using frozen sections 
after surface labelling with cholera toxin-B-gold, the labelled 
invaginations were shown to be VIP-21 positive. These 
results suggest an interesting parallel of function between 
the caveolae on the plasma membrane and the TGN of 
epithelial cells. 

Caveolae and non-clathrin-dependent endocytic 
pathways (R. Parton) 

One controversial question regards the role of caveolae 
in endocytosis. While it has been postulated that toxins 
and GPI-anchored proteins may be internalized via these 
structures (Tran et al., 1987; Keller et al., 1992), it was 
recently proposed that caveolae transiently close but never 
bud away from the surface (Anderson et al., 1992). One 
class of receptors, characterized by their seven transmem-
brane domains, have been proposed to be down-regulated 
after agonist binding through internalization via non-coated 
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PLATE 7 

Ultrastructural localization of the ganglioside, GM1, in A431 cells 

A431 cells were embedded in Lowicryl HM20 after freeze substitu-
tion. Sections were then labelled with the binding sub-unit of cholera 
toxin adsorbed to 13 nm colloidal gold. Specific labelling is evident 
on late endocytic structures (L) and close to the Golgi complex 

invaginations (Raposo et al., 1989). In a collaboration with 
Dr. G. Raposo from Marseille we were able to show that one 
member of this class of proteins, the ,a-adrenergic receptor, 
was concentrated within VIP-21 positive invaginations at 
the cell surface. To investigate whether caveolae may be 
involved in the internalization of other members of this large 
familY' of receptors we examined the endocytosis of the 
thrombin receptor in collaboration with Dr. L. Brass (Uni-
versity of Pennsylvania). Unlike the ,a-adrenergic receptor, 
the thrombin receptor was specifically enriched in clathrin 
coated pits after activation. Further work will be required to 
understand the signals which determine the clathrin coated 
pit versus caveolar location of this class of proteins. 

To examine the endocytosis of a caveolar marker in more 
detail we used cholera toxin binding subunit attached to 
colloidal gold. After binding the toxin-gold at 8° C, a con-
dition blocking endocytosis, approximately 50% of the to-
tal surface-bound gold was concentrated in caveolae. The 
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(G). Negligible labelling is associated with the Golgi cisternae or 
the rough endoplasmic reticulum (arrowheads). Labelling is also 
evidently associated with caveolae (indicated by arrowheads in the 
inset). 

cells were then warmed to 3T C in the presence of agents 
thought to affect endocytosis of fluid phase markers without 
affecting internalization via coated pits. Cytochalasin 0, 
which disrupts the actin cytoskeleton, blocked internaliza-
tion of the toxin-gold. In contrast, phorbol esters stimulated 
uptake of toxin-gold. Toxin-gold appeared to be internalized 
via caveolae while transferrin-HRP was taken in via coated 
pits. After internalization both markers co-localized in early 
endosomes. These results suggest a role for caveolae in 
endocytosis. 

Localization and functional studies on small 
GTP-binding proteins (R. Parton & S. Urbe) 

In a major collaboration with the Zerial group we have 
continued our analysis of the distribution and function of 
small GTP-binding proteins. Rab5, a protein present on 
the plasma membrane, endocytic coated pits and early 
endosomes, was shown to be a rate limiting factor in the 



early steps of endocytosis (Bucci et al., 1992; Parton et 
al., 1992). Further studies are under way to examine the 
subcellular distribution of Rab8, Rab11, and Rab17. 

Other collaborations 
(G. Griffiths, H. Horstmann & R. Parton) 

Vaccinia project: R. Compans, University of Alabama, USA; 
R.w. Doms, University of Pennsylvania, USA; M. Esteban, 
SUNY, USA; G. Hiller, Boehringer Mannheim, Fed. Rep. 
Germany; D.E. Hruby, Oregon State University, USA; C. 
Machamer, Johns Hopkins University, USA; B. Moss and 
E. Wolffe, NIH, USA; E.G. Niles, SUNY, USA; L. Payne, 
Applied bioTechnology Inc., USA; H. Shida, Kyoto Univer-
sity, Japan; G. Thomas, Vollum Institute, USA; G. van Meer 
and W. van 't Hof, University of Utrecht, Netherlands; R. 
Wittek, University of Lausanne, Switzerland. 

With the group of Jean Gruenberg on localization of annexin 
II and on characterization of the endosome carrier vesicle 
to late endosome fusion step. 

With the group of Bernard Hoflack on cells expressing 
mutants of the CI-MPR. 

With the groups of Kai Simons and Marino Zerial on the EM 
localization of novel members of the rab family. 

With Carlos Dotti on the characterization of endocytosis in 
cultured rat hippocampal neurons. 
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Genetic and biochemical analysis of the nuclear pore complex and the nucleolus 

Scientist: E.C. Hurt 

Fellows: T. Berges, V. Doye, E. Fabre*, P. Grandi, R. Jansen, U. Nehrbass, N. Schlaich, C. Wimmer 

Assistant: H. TekoUe 

Nuclear pore complex and nuclear transport 

Nuclear pore complexes (NPCs) are supramolecular struc-
tures of the nuclear membrane, which mediate nucleo-
cytoplasmic transport of a variety of substrates including 
proteins, RNA and ribosomal subunits (Garcia-Bustos et at., 
1991). To be transported into the nucleus, nuclear proteins 
need to carry short, generally basic, nuclear localization se-
quences (NLS). Of the nuclear pore which has a molecular 
size of 125 MDa, only a few proteins have been identified. 
It is estimated that more than 100 different proteins should 
build up the pore complex. 

We are analysing nuclear pore complexes in yeast by 
biochemical and genetic approaches. A genetic system is 
particularly desirable in view of the apparent complexity of 
the nuclear pore complex and the nuclear import machinery. 
Genetics should allow (1) isolation of mutants defective in 
pore assembly or nucleocytoplasmic transport, (2) identifi-
cation of new pore proteins or components which interact 
with pore complexes, (3) unravelling of the complex net-
work of interaction between the various pore proteins and 
cytosolic/nucleoplasmic factors. 

We are studying NSP1 as a model nuclear pore complex 
protein in Saccharomyces cerevisiae and take advantage of 
the fact that the NSP1 gene is essential for yeast cell growth 
(Nehrbass et at., 1990). Since the structural organization 
of the nuclear pores has been highly conserved during 
evolution, it is likely that conclusions drawn from the yeast 
system will be of general importance. 

NSP1 is organized in three different domains as deduced 
from its amino-acid sequence: an essential carboxy-terminal 
domain of about 220 amino-acids which has the potential to 
form coiled-coil interactions and a repetitive non-essential 
amino-terminal and middle domain: the central domain con-
sists of 22 sequence repeats with the core motif FSFG. The 
amino-terminal domain contains 5 repeat units with the core 
motif LFG. 
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Analysis of nuclear transport in 
ts nsp1 mutants (U. Nehrbass) 

To get evidence for a role of NSP1 in nuclear pore function, 
we looked for defects in nuclear transport in ts mutants of 
NSP1. Temperature-sensitive mutants of NSP1 were anal-
ysed for nuclear accumulation of various nuclear localization 
sequence (NLS)-carrying lacZ nuclear reporter proteins. The 
subcellular location of the nuclear reporter proteins was 
measured by indirect immunofluorescence using a mono-
clonal antibody against E.coti .a-galactosidase. LacZ fusion 
proteins which contain the homeodomain of transcription 
factors (yeast mato:2 and PH02 or human HOX4.4) as a 
nuclear targeting element were imported into the nucleus 
of NSP1+ cells, but accumulated in the cytoplasm of nsp1 
cells if shifted for 8 hours to 3T C. In contrast, another 
lacZ nuclear reporter protein which carries the NLS of the 
ribosomal protein L25 (L25-lacZ) does not accumulate in the 
cytoplasm of ts nsp1 cells and is efficiently imported into the 
nucleus even at the restrictive temperature. NSP1 therefore 
appears to be involved in nuclear transport mechanisms. 
However, at this stage it is not clear whether NSP1 affects 
nuclear import of a subset of nuclear proteins or controls 
nuclear transport in a general way but affecting nuclear 
accumulation of preferentially those nuclear proteins which 
exhibit slower nuclear uptake kinetics. 

Genetic approaches to isolate new 
nuclear pore complex components 
(C. Wimmer, V. Doye & H. Tekotte) 

The concept of synthetic lethality allowed the identification 
of genes in genetic interaction with NSP1. A synthetic 
genotype may arise by combining mutant alleles of two 
different genes, but one mutant allele alone gives viable 
cells. Synthetic lethality is interpreted as genetic evidence of 
physical interaction or functional overlap of the gene prod-
ucts. To explain synthetic lethality in the context of NSP1, 
the following model is presented (Plate 8). NSP1 is assumed 
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Synthetic lethality of NSP1 mutants. 
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to be in a complex with other nuclear pore proteins (named 
NSP-X). A mutation of either NSP1 or NSP-X would still 
allow complex formation and hence cell growth. However, 
the combination of two mutant alleles of nsp1 and nsp-X in 
a haploid cell would cause inviability ("synthetic lethality"). 

Synthetic lethals of NSP1 were identified by applying 
the ade2/ade3 red/white colony sectoring system in yeast 
(Koshland et al., 1985). For the screen an ade2/ade3 yeast 
strain was constructed which is disrupted of genomic NSP1, 
but contains (1) the authentic NSP1 allele inserted into an 
ADE3-containing plasmid and (2) a mutant nsp1 gene (a 
ts-allele of NSP1) inserted into another plasmid lacking the 
ADE3 marker. The presence of the ADE3 gene causes 
cells to accumulate a red pigment. This screening strain 
designated RW24 forms red/white sectoring colonies during 
growth at 30" C, since it can lose the plasmid containing the 
wild-type NSP1 gene and still grows with the mutant nsp1 
allele alone. However, a mutation of the nsp-X locus makes 
the cell dependent on the wild-type allele of NSP1 and 
colonies cannot any longer lose the NSP1/ADE3 containing 
plasmid. Among 90,000 mutagenized colonies, fourteen red 
colonies were finally obtained which were shown to be syn-
thetic lethals of ts nsp1. These fourteen synthetic lethal mu-
tants belong to five different complementation groups. The 
genes of four complementation groups were cloned. Two 
genes designated NSP116 and NSP49, were further char-
acterized. Fusion genes of the IgG binding domain of protein 
A from Staphylococcus aureus with NSP49 and NSP116 
were constructed. These gene products were localized in 
yeast by immunofluorescence to the nuclear envelope. Like 
the previously described nucleoporins, these genes en-
code proteins with many repeat sequences. NSP49 and 
NSP116, however, contain a novel repetitive sequence 
motif "GLFG", which classifies them as a subclass of nucleo-
porins (Plate 9). Like NSP1 , NSP49 exhibits in its essential 

C-terminal domain a heptad repeat pattern that might be 
involved in coiled-coil interactions between proteins. These 
data provide in vivo evidence that distinct subclasses of nu-
cleoporins physically interact or share overlapping function 
in nuclear pore complexes. To get further evidence for a 
role of this new class of nucleoporins in nuclear transport 
and pore biogenesis, ts nsp49 mutants will be generated 
and analysed as described for ts nsp 1 . 

Biochemical isolation of a nucleoporin complex 
(P. Grandi & V. Doye) 

For biochemical purification of NSP1 interacting compo-
nents, we tagged the essential C-domain (which is as-
sumed to be the interaction domain) with the IgG binding 
domain of protein A. Otherwise we kept the authentic NSP1 
promoter and inserted the fusion gene in a single copy 
number ARS/CEN plasmid. The ProtA-C-NSP1 fusion pro-
tein is functional since it can complement a null mutant of 
NSP1. Furthermore, ProtA-C-NSP1 is correctly localized in 
these complemented cells revealing a typical nuclear pore 
labelling as shown by immunofluorescence. 

It was further analysed whether other proteins co-purify with 
NSP1 by affinity-purification of the ProtA-C-NSP1 fusion 
protein on an IgG/Sepharose column. The ProtA-C-NSP1 
fusion protein specifically bound to the IgG column and 
could be eluted by acidic pH. Analysis of the bound fraction 
by SDS-PAGE and silver staining reveals several bands, the 
two most prominent ones corresponding to proteins of 90 
and 80 kDa apparent molecular weight. The 90 kDa protein 
is present in stoichiometrical amounts, the recovery of the 
80 kDa protein, however, varies. If the same purification 
protocol is applied for other ProtA fusion proteins (e.g. 
ProtA-NOP1, ProtA-DHFR), the 90 and 80 kDa polypeptides 
which co-purify with NSP1 are missing. Finally, if a mutant 
nsp1-protein tagged with ProtA is expressed in yeast, the 
90 kDa protein is lost, but the 80 kDa still co-purifies with 
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ProtA-nsp1. These data suggest that the 90 kDa protein 
is a specific NSP1-interacting component and accordingly 
we named it NIC90 (for NSP1-lnteracting Component). 
Characterization of the NSP1/NIC90 nucleoporin complex 
is currently in progress. 

The purification of NIC90 was scaled up and peptide se-
quence data were obtained allowing to clone NIC90 by PCR 
methods. A complete genomic clone of NIC90 in the yeast 
high copy number plasmid YEP13 containing the promoter 
region and the coding sequence was obtained and the DNA 
was sequenced. Peptides obtained from microsequencing of 
the purified protein were found in the NIC90 open reading 
frame. NIC90 is not homologous to known proteins. We 
are currently characterizing NIC90 to determine its role 
in nuclear pore complex structure and nucleocytoplasmic 
transport. It is speculated that NIC90 is an intrinsic compo-
nent of the NPC to which other nucleoporins can bind. 

Nucleolus and ribosome biogenesis 

The protein NOP1/fibrillarin is located in a substructure of 
the nucleolus called the dense fibrillar component. NOP1 
was shown to be involved in rRNA processing and assem-
bly of pre-ribosomal particles (Schimmang et at., 1989). In 
yeast cells depleted of NOP1 using the regulatable GAL 10 
promoter, rRNA processing is severely impaired and syn-
thesis of 18S rRNA is barely detectable, whereas 25S rRNA 
synthesis continues (Tollervey et at., 1991). 

Ribosome biogenesis is inhibited in 
temperature-sensitive mutants of the 
nucleolar protein fibrillarin 
(R. Jansen, T. Berges; in collaboration 
with D. Tollervey, EMBL) 

Several temperature-sensitive (ts) mutants of the nucleo-
lar protein NOP1 (fibrillarin) were analysed for defects in 
ribosome biogenesis. All ts nop1 mutants if shifted for 1 
hr to 3T C no longer assemble ribosomes. Two mutant 
alleles ts nop1-4 and ts nop1-7 having a single amino-acid 
substitution grow slowly even at the permissive temperature 
(25° C). Although these mutants process pre-rRNA to 25S 
and 18S rRNA at 25° C, maturation of the 60S ribosomal 
subunit is severely impaired; a 60S intermediate accumu-
lates which, under high salt conditions, contains mature 25S 
rRNA but lacks many ribosomal L(arge subunit)-proteins. 
60S intermediates are converted to mature 60S ribosomal 
subunits consisting of 25S rRNA and the characteristic set 
of L-proteins only after long chases. These data show that 
besides a role in rRNA processing, NOP1 is essential for 
the assembly of 60S ribosomal subunits. Ts nop1-2 abol-
ishes synthesis of 18S and 25S rRNA, ts nop 1-5 more 
strongly inhibits 25S than 18S rRNA synthesis and ts nop1-3 
abolishes methylation of pre-rRNA whilst processing is not 
inhibited. These data demonstrate that NOP1 is required for 
the formation of ribosomes, most likely by affecting rRNA 
metabolism (folding, processing or modification) and/or as-
sembly of ribosomal proteins and rRNA. 
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Isolation of SOF1 - a novel nucleolar 
protein essential for rRNA processing 
(R. Jansen) 

A yeast mutant lacking a functional nop1 gene was com-
plemented by expressing the human nucleolar protein fib-
rillarin. However, yeasts expressing human fibrillarin stop 
cell growth at elevated temperatures (above 35°C), due 
to an abnormal rRNA processing (Jansen et at., 1991). 
This suggests that human fibrillarin is partly impaired in 
its interaction with other yeast nucleolar components. The 
temperature-sensitivity and reduced rRNA processing of 
the mutant complemented by human fibrillarin was ge-
netically exploited to identify novel nucleolar components 
which interact with fibrillarin/NOP1 and are essential for 
ribosome biogenesis. An extragenic suppressor of this strain 
called sof1-56 was isolated. To clone the sof1-56 gene, 
genomic DNA was prepared from the suppressor strain 
sof1-56 and inserted into a yeast single copy plasmid; 
subsequently, the DNA library was used to complement the 
starting ts strain expressing the human fibrillarin. By this 
approach, sof1-56 suppressor gene and wild-type SOF1 
were cloned. The essential gene SOF1 codes for a novel 
56 kDa protein which contains 7 degenerated repeats ho-
mologous to repeats found in ,B-subunits of G-proteins 
and the yeast splicing factor PRP4. Interestingly, the mu-
tation in SOF1 which is responsible for the suppression 
maps within one of the ,B-subunit like repeats. Using a 
SOF1-ProtA fusion protein, SOF1 p could be localized to 
the yeast nucleolus. Like fibrillarin/NOP1, SOF1 plays an 
important role in pre-rRNA processing. Repression of SOF1 
expression using the regulatable GAL 10 promoter blocks 
synthesis of 18S rRNA, but does not affect 25S rRNA 
production. Unlike NOP1, that is associated with all known 
resident small nucleolar RNAs, SOF1 is only bound to 
U3 and U14 snoRNA as shown by immunoprecipitation 
using anti-SOF1 antibodies. The fact that SOF1 shows 
homology to the splicing factor PRP4 which is essential for 
snRNP assembly points to a crucial role of SOF1 in the 
assembly/disassembly of the pre-rRNA processing complex 
(Plate 10). 
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Isolation of suppressors and synthetic 
lethal mutants of ts nop1 mutants 
(T. Berges) 

The five ts mutants of NOP1 described above show different 
phenotypes at non-permissive temperature suggesting that 
NOP1 is involved in various steps of rRNA processing and 
ribosome assembly. To find the different components which 
interact with NOP1 during these processes, we apply two 
different genetic approaches. Strain ts nop1-3 (blocked in 
rRNA methylation) and ts nop1-7 (blocked in 60S large 
subunit assembly) are used to screen for extragenic sup-
pressors. In this approach, the ts nop1 allele is carried 
by a shuffle plasmid that can easily be replaced by an-
other plasmid carrying the same mutant allele allowing to 
distinguish between extragenic and intragenic suppression. 
In another approach, the mutant alleles of ts nop1-3 and 
ts nop1-5 are used to isolate synthetic lethal mutants (as 
described above for NSP1). For this purpose, an ade2/ade3 
screening strain with a chromosomal ts nop1-5 allele and 
carrying wild-type NOP1 on a URA3-ADE3 containing plas-
mid was constructed. When plated at semi-permissive tem-
perature (32 0 C), this screening strain forms red/white sec-
toring colonies because both the ts and the wt allele of 
NOP1 are functional. After mutagenesis of this strain, sev-
eral synthetic lethal mutants of ts nop1-5 were obtained 
and we are currently in the process of characterizing these 
mutants. 
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Functional properties and molecular interactions of 
cytoplasmic and nuclear intermediate filaments 

Group leader: S.D. Georgatos 

Scientist: F. Gounari 

Fellows: K. Djabali, P. Kouklis*, C. Maison*, J. Meier, A. Merdes, N. Olivieri*, G. Simos 

Visitors: T. Papamarcaki*, A. Pyrpasopoulou* 

Assistants: M. Brunkener, F. Schwesinger* 

Intermediate filaments (IFs) represent major components 
of the cytoskeleton and the nuclear lamina in almost all 
eukaryotic cells. As paradoxical as it might seem for such an 
abundant and ubiquitous system, its basic function remains 
unknown. The inability to define the biological role of IFs can 
be attributed to four factors. (a) Unlike actin and tubulin, 
the subunits of IFs are extremely polymorphic (there are 
now over 40 distinct proteins which form IFs and the list 
continues to grow). (b) As a result of this polymorphism, 
most of the previous work has focused on the structure of IF 
proteins rather than on the interactions of IFs with other cel-
lular components. (c) Up until recently, IFs were considered 
purely "skeletal" and non-dynamic. This made the in situ 
studies at the expense of molecular analysis more appealing 
(and more logical). (d) Despite all efforts, IF analogues have 
not yet been characterized in simple organisms that can be 
genetically manipulated. The combination of such factors 
has produced a unique situation in which one knows a lot 
about the structural properties of individual IF proteins and 
very little about the structures and the molecules with which 
they interact under in vivo conditions. 

Realizing the need for detailed mechanistic information, our 
group has made attempts in the past few years to identify 
IF-interacting components and to develop systems suitable 
for exploring the involvement of IFs in certain cellular pro-
cesses. Our current research objectives and the main ob-
servations we have made in the past year are summarized 
below. 

Involvement of vimentin filaments in mitotic events 
(C. Maison, P. Kouklis, A. Merdes, T. Papamarcaki 
& A. Pyrpasopoulou) 

It is generally known that the cytoplasmic IFs are exten-
sively remodelled during mitosis. This remodelling involves 
filament bundling and anastomosis, formation of transient 
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"cage" structures around the mitotic spindle and, in some 
cases, filament disassembly. To examine whether these 
alterations reflect an active involvement of IFs in mitotic 
events or whether they constitute "passive" adaptations to 
a changing cytoplasmic environment, we attempted to block 
the orderly reorganization of vimentin filaments by microin-
jecting specific antibodies into synchronized mitotic cells. 
We have established such a system in 3T3 cells and studied 
the consequences of perturbing the reorganization of IFs on 
the progression of mitosis. Using indirect immunofluores-
cence and electron microscopy, we could demonstrate that 
the majority of the anti-vimentin injected cells are transiently 
arrested in the M-phase for about 3 hours and that, after 
this period of time, they recover and divide successfully 
(Kouklis, Merdes, Papamarcaki & Georgatos, manuscript 
under revision). 

Stimulated by these observations, we decided to investigate 
more closely the molecular interactions of vimentin filaments 
in mitotic cells. Using immunoelectron microscopy on min-
imally manipulated prometaphasic preparations, we found 
that the vimentin filaments of CHO cells are associated in 
situ with distinct membrane vesicles. Further morphologi-
cal and morphometric analysis revealed that the vimentin-
associated vesicles carryon their cytoplasmic surface nu-
clear lamin B, have the ability to bind wheat germ agglutinin 
(a lectin recognizing a family of nuclear pore complex pro-
teins), and are devoid of endoplasmic reticulum (ER), Golgi 
and endosomal membrane proteins. Interestingly, lamin B is 
asymmetrically distributed along the surface of the vesicles 
and forms clusters corresponding to the filament contact 
sites. Using specific anti-peptide antibodies, and taking 
advantage of a cell-free system which supports nuclear 
reassembly in vitro, we could coimmunoprecipitate vimentin 
and nuclear lamin B and show that the interaction of the 
vesicles with the IFs is modulated by mitotic phosphorylation 
and post-mitotic dephosphorylation (Maison, Brunkener & 
Georgatos, manuscript in preparation). 



On the basis of this information, we can postulate that the 
cytoplasmic IFs play, under certain conditions, the role of a 
"reservoir" which transiently sequesters membrane vesicles 
derived from the fragmentation of the nuclear envelope 
during mitosis. To test this idea, we are now trying to char-
acterize fully the constituents of the IF-associated vesicles 
and, using isolated components, to examine directly the role 
of IFs in post-mitotic nuclear reassembly. 

De novo assembly of peripherin filaments in 
cultured eNS neurons (K. Djabali, in collaboration 
with C. Dotti & A. Zissopoulou, EMBL) 

A number of recently published transfection studies have 
established that cytoplasmic IFs grow continuously under 
steady-state conditions. This constitutive growth involves 
incorporation of newly synthesized filament subunits into 
the sides of preexisting filaments. However, it is less clear 
whether this pathway of filament assembly is followed when 
new IF networks need to be laid down during development. 
To explore this question, we looked for a cellular system 
which could be induced to assemble de novo a new IF 
network. We finally decided to use embryonic rat central 
nervous system (CNS) neurons and to study the de novo 
expression of the IF protein peripherin. Peripherin is exclu-
sively expressed in a subset of peripheral nervous system 
(PNS) neurons, and is normally absent in CNS neurons. 
However, based on the fact that this protein is very abun-
dant in neurons which possess long axons, we suspected 
that the expression of peripherin is probably guided by 
peripheral environmental cues. Therefore, we co-cultured 
the CNS neurons with muscle cells under conditions allow-
ing exchange of solutes but not physical contact between 
the two cell types. We found that soluble factors released 
from the muscle cells induce the expression of peripherin 
in a subset of CNS neurons. The same was observed 
in a CNS-derived cell-line (AtT-20 cells). In situ studies 
showed that de novo assembly of peripherin is initiated from 
the perinuclear region and proceeds towards the dendrites 
and the axon (Djabali, Zissopoulou, Georgatos & Dotti, 
manuscript in preparation). This mode of vectorial assembly 
is in line with recent experiments in Xenopus laevis oocytes, 
which appear to indicate that de novo initiation of vimentin 
filaments occurs from sites located either at the cell cortex 
or at the surface of the nucleus (Dent et al., 1992). Future 
experiments are expected to clarify the exact location of the 
peripherin initiation sites and the mechanisms of peripherin 
induction by the muscle cell-secreted factors. 

Identification of proteins mediating the coupling of 
vimentin filaments to the lens fiber cell membrane 
(F. Gounari, A. Merdes, N. Olivieri & M. Brunkener) 

Elucidation of IF function would require knowledge of the 
nearest-neighbour relationships between IFs and the major 
membraneous systems with which they seem to associate 
in vivo. Previous work, involving in vitro binding assays 
and use of anti-idiotypic antibodies, has shown that several 
cytoplasmic IF proteins interact with nuclear lamin B, itself 
an IF protein and a component of the nuclear lamina (Geor-

gatos & Blobel, 1987; Djabali et al., 1991; Papamarcaki et 
al., 1991). Other studies have demonstrated the occurrence 
of non-nuclear proteins, cross-reactive with anti-Iamin B 
antibodies and located at sites of IF-membrane contact 
such as the desmosomal plaque (Cartaud et al., 1990). 
Assuming that non-nuclear proteins may share with nuclear 
lamin B a certain structural motif which allows binding to 
cytoplasmic IF proteins (i.e. a "Iamin B fold"), we used 
our anti-idiotypic anti-lam in B antibodies and identified a 
cross-reactive peripheral membrane protein in the fibre cells 
of the eye lens. Consistent with our predictions, this protein, 
which we named filensin, was found to bind to the COOH-
terminal domain of vimentin (similarly to nuclear lamin B) 
and to polymerize into short ",10 nm fibrils under isotonic 
conditions. Filensin was also found to associate with another 
lens cell membrane polypeptide, the protein p47, and to 
re-bind to lens cell membranes stripped from peripheral 
membrane proteins by urea extraction (Merdes et al., 1991 ; 
Brunkener & Georgatos, 1992). 

In collaboration with R. Quinlan (University of Dundee, 
U.K.), J. Hess & P. FitzGerald (UC at Davis, USA), we 
have recently completed the cDNA cloning and sequencing 
of mammalian filensin (Gounari, Merdes, Quinlan, Hess, 
Fitzerald, Ouzounis & Georgatos, in press). We have also 
independently cloned and sequenced the full-length cDNA 
coding for the mammalian p47 protein (Merdes, Gounari, 
Brunkener & Georgatos, in preparation). Sequence analysis 
revealed that both proteins possess primary and secondary 
structure homologies to cytoplasmic and nuclear IF proteins. 
From these data, and from previous ultrastructural obser-
vations, it seems likely that filensin and p47 co-polymerize 
and form a meshork underneath the plasma membrane. 
Such a structure may be involved in the coupling of vimentin 
filaments to the plasmalemma and may provide mechanical 
support to the overlaying lipid bilayer. 

Our immediate plan is to investigate the expression, as-
sembly and subcellular distribution of filensin and p47 dur-
ing mouse development. Furthermore, to investigate their 
specific biological roles, we will express mutant forms of 
these proteins in the lenses of transgenic animals. This may 
allow us to study the functional changes or the pathological 
alterations of the lens under circumstances of improper 
filensin/p47 assembly. 

Another vimentin-associated protein, which is also ex-
pressed in the lens cells, is the high molecular weight 
polypeptide synemin (Granger & Lazarides, 1984). Under 
in vivo conditions, synemin associates with the surface 
of IFs and may function as a linker element connecting 
vimentin to other cellular organelles. To start addressing 
such questions, we have decided to clone and sequence this 
protein. We have already screened two expression libraries 
and isolated several partial cDNA clones. This work will be 
continued until the complete sequence is obtained. 

Role of conserved sequence motifs in 
vimentin filament assembly (P. Kouklis) 

In collaboration with P. Traub (Max Planck Institute for 
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Cell Biology, Ladenburg, Fed. Rep. of Germany), we have 
recently shown that a synthetic peptide corresponding to 
the conserved sequence motif in the coil 2b of almost all 
IF proteins has the ability to inhibit assembly of vimentin 
filaments and to disassemble preformed IFs in vitro. The 
same effects have been reproduced using a monoclonal 
antibody (anti-IFA) recognizing the coil 2b motif. Consistent 
with the in vitro data, microinjection of anti-IFA into the 
cytoplasm of 3T3 cells causes fragmentation and collapse 
of vimetin filaments (Kouklis et at., 1992). These results 
suggest that the coil 2b region is interacting with other sites 
of the IF subunit molecules and that these interactions are 
essential for filament elongation. Such data also demon-
strate that IFs are dynamic and can incorporate (even in the 
assembled state) synthetic derivatives which compete for 
sites normally occupied by wild-type subunits. The practical 
significance of this observation is that it now allows the 
designing of specific IF-depolymerizing agents (peptides 
and peptide mimics) which would facilitate further studies 
in vivo. 

Using anti-idiotypic reagents, we have also shown that a site 
located near the end of the rod domain of some type III IF 
proteins (vimentin, desmin, peripherin) is associating with 
another site at the COOH-terminal domain of the same 
subunits which contains the conserved motif RDG. Further 
analysis showed that this homotypic interaction may influ-
ence the lateral packing of IFs both in vivo and in vitro 
(Kouklis et at., 1991). To test this prediction, we have collab-
orated with M. Hatzfeld & K. Weber (Max Planck Institute for 
Biophysical Chemistry, G6ttingen, Fed. Rep. of Germany) 
and we have produced various recombinant vimentin forms, 
bearing point mutations or an internal deletion in the area 
of the RDG sequence, in E.coli. Our preliminary in vitro as-
sembly studies suggest that one of the point-mutated forms 
and the deletion mutant yield IFs which are thicker than 
normal. This confirms the initial data and further suggests 
that the COOH-terminal domain of vimentin contains sites 
which are involved in filament-filament or in subunit-subunit 
interactions. 

Molecular interactions between the nuclear 
lamins and the inner nuclear membrane 
(G. Simos & J. Meier) 

We have previously characterized a major integral protein 
of the inner nuclear membrane, which we have termed 
p58. This protein has been shown to behave as "recep-
tor" for nuclear lamin B under in vitro conditions and to 
be constitutively phosphorylated during interphase (Wor-
man et at., 1988; Appelbaum et at., 1990). In the last 
year, we developed methods to immunoisolate native p58 
en bloc with its partners (Simos & Georgatos, 1992). It 
turns out, that p58 is a part of a multicomponent complex 
which includes five more proteins. Two of these proteins 
correspond to nuclear lamins A and B, whereas another 
one represents a tightly associated kinase which resides 
in the nuclear envelope and which phosphorylates p58 
in vivo. The rest of the components have not yet been 
fully characterized, but at least one of them (the pro-
tein p18) appears to be an integral membrane protein. 
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Apart from the p58 kinase, other kinases (cdc2, protein 
kinase A) also modify p58 at distinct sites located at its 
NH2-terminal domain. The role of these modifications is 
presently unclear. Current efforts include the characteriza-
tion of the p58 kinase, the production of antibodies against 
the non-Iamin components of the p58 complex, and the 
cloning and sequencing of the p18 protein. We are also 
interested in studying the targeting of p58 to the inner 
nuclear membrane. However, since this protein is multiply 
modified and interacts with numerous nuclear envelope 
proteins, its assembly mechanism may be complex. With 
this in mind, we decided to give priority to the charac-
terization of the p58 partners before proceeding in this 
analysis. 

Another aspect of the p58 function concerns its role in 
post-mitotic nuclear reassembly. To gain an insight into this 
question, we are now analysing the partitioning of p58 in 
synchronized cells and we are trying to characterize the 
composition of the "mitotic" p58 complex. 

Lamin and p58 analogues in lower eukaryotes 
(M. Brunkener & S.D. Georgatos) 

In previous studies we have identified proteins immunologi-
cally related to avian lam ins and p58 in yeast (Georgatos 
et at., 1989). So far we have been unable to clone the 
cDNAs coding for these proteins. However, work in G. Blo-
bel's laboratory (Rockefeller University, USA) has yielded 
more encouraging results, while another group has recently 
cloned a yeast integral membrane protein with significant 
sequence similarity to avian p58 (Shimanuki et at., 1992). 
Stimulated by these observations, we have initiated a col-
laboration with G. Blobel's laboratory. We have prepared 
three synthetic peptides modelled after a yeast protein 
which cross-reacts with a variety of anti-Iamin antibodies 
and which shows some sequence similarity to the Xenopus 
taevis lamin B. We are currently developing anti-peptide an-
tibodies and we are planning to use them for screening yeast 
expression libraries and for immunolocalizing this interesting 
protein. 

Due to limited resources and change in priorities, we have 
not been able to continue our initial attempts to characterize 
the p58 analogue of Xenopus taevis. 
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Regulation of membrane traffic in eukaryotic cells 
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In eukaryotic cells, a continuous flux of carrier vesicles medi-
ates membrane transport between organelles of the exocytic 
and endocytic pathway. Vesicles bud from the donor com-
partment and specifically fuse with the appropriate acceptor 
compartment in a tightly regulated manner. The accurate 
order of membrane traffic events avoids disruption of the 
structural and functional integrity of the different organelles. 
Over the last few years, work in yeast and mammalian cells 
has led to the discovery that small GTPases function as spe-
cific regulators of vesicular traffic. To elucidate the molecular 
mechanism underlying vesicular transport, we have focused 
our studies on small GTPases of the Rab and Rho families. 
Compared to non-polarized cells, an even higher level of 
complexity is displayed by epithelial cells. These cells are 
organized into polarized layers that form a functional barrier 
between the external and internal milieu. Distinct apical and 
basolateral exocytic and endocytic transport pathways are 
required to generate cell polarity. In addition, a transcytotic 
route links the two plasma membrane domains. The aim of 
our group is to take advantage from the specific features of 
epithelial cells to identify regulatory factors of the transport 
apparatus. To address this problem we have followed two 
complementary molecular approaches: the identification of 
GTPases specifically expressed in epithelial cells and the 
identification of genes induced during embryonic differenti-
ation of mouse kidney epithelial cells. 

Identification and characterization of Rab 
and Rho proteins (P. Chavrier, A. LOtcke, 
M. Grummt, M. Stapleton & G. Tavosanis) 

To gain insights into the machinery regulating membrane 
traffic we have undertaken a comprehensive approach to 
study GTPases of the Rab and Rho families expressed in 
mammalian cells. We have previously identified nine Rab 
proteins expressed in Madin-Oarby canine kidney (MOCK) 
cells and localized some of these proteins to distinct in-
tracellular compartments (Chavrier et al., 1990). Using a 
method based on the polymerase chain reaction we have 
cloned eleven novel Rab proteins and one new Rho protein. 
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Together with the groups of Kai Simons and Gareth Griffiths 
we are studying the tissue-specific expression, subcellular 
localization and function of these various proteins. Rab8 
has been localized to the Golgi apparatus and post-Golgi 
basolateral transport vesicles in MOCK cells suggesting a 
possible role in basolateral exocytosis in polarized cells. 
Similar to Rab5a, two closely related proteins, termed 
Rab5b and Rab5c, have been localized to the plasma mem-
brane and early endosomes. Preliminary studies indicate 
that also Rab18 is associated with early endosomes, and 
that Rab20 is found on the plasma membrane, early endo-
somes and the Golgi apparatus. The high number of Rab 
GTPases localized to the early endosomes correlates with 
the complexity of the transport routes which emanate from 
this compartment. It will now be possible to investigate the 
functional properties of these Rab proteins on the basis of 
the structure and function of early endosomes. Collaborative 
work with Robert Parton and his coworkers aims at the 
intracellular localization and functional characterization of 
Rab11. Finally, preliminary results indicate that the new Rho 
protein we have identified is associated with coated areas 
of the plasma membrane and of the Golgi apparatus (see 
report by R. Parton). 

Membrane association of Rab proteins 
(H. Stenmark, O. Ullrich, K. Alexandrov & P. Chavrier) 

The mechanism responsible for the membrane association 
of Rab proteins has been investigated. We have obtained 
evidence that the highly variable C-terminal domain contains 
structural elements necessary for the localization of Rab 
proteins to their specific compartments. In collaboration 
with the group of E.A. Nigg (ISREC, Lausanne) we have 
found that in vitro translated and in vivo expressed Rab 
proteins are post-translationally modified via isoprenylation 
of the C-terminal cysteines. This modification is not only 
dependent on the presence of a C-terminal cysteine motif 
but also on upstream sequences. However, while isopreny-
lation is required for membrane association it does not 
alone specify targeting to specific organelles. The highly 



variable C-terminal domain contains sequences which de-
termine the specificity of localization (Chavrier et a/., 1991). 
Rab proteins are thought to shuttle between their specific 
membrane compartments and the cytoplasm in a guanine 
nucleotide-dependent manner. A protein which inhibits the 
dissociation of GDP but not GTP from smg p25A1Rab3a has 
been purified from bovine brain cytosol by Prof. Yoshimi 
Takai and colleagues (Kobe, Japan). This factor, termed 
smg p25A GDI, induces the dissociation from synaptic 
membranes and vesicles of Rab3a (Araki et a/., 1990). In 
collaboration with Prof. Takai we have extended the func-
tional studies on smg p25A GDI using an in vitro system. 
We have used MDCK cells permeabilized with the bacterial 
toxin streptolysin 0 to test the activity of smg p25A GDI 
in modulating the membrane association of small GTP-
binding proteins. Incubation of SLO-permeabilized MDCK 
cells with purified smg p25A GDI removed all Rab proteins 
from the membrane and prevented membrane association 
of exogenous Rab proteins. In addition, we found that 
smg p25A GDI is also associated with compartments of the 
exocytic and endocytic pathways. The observed activity may 
reflect a physiological role of smg p25A GDI in regulating 
the reversible transition of Rab proteins from their specific 
membrane compartment to the cytosol. 

Functional studies on Rab proteins 
(C. Bucci, A. Lutcke, B. Singer-Kruger & H. Stenmark) 

Rab5a is associated with both the plasma membrane and 
early endosomes. We have shown previously that Rab5a is 
required in the homotypic fusion of early endosomes in vitro 
(Gorvel et a/., 1991). We investigated the function of Rab5a 
in vivo by over-expressing wt Rab5 and Rab5aile133 mutant 
proteins in baby hamster kidney (BHK) cells using a vac-
cinia virus system. Over-expression of wt Rab5a increased 
fluid phase and receptor-mediated uptake 2.5-fold com-
pared to normal. In contrast, in cells expressing the mutant 
Rab5aile133 protein, the rate of endocytosis was decreased 
by 50%. Confocal immunofluorescence and electron mi-
croscopy analysis (collaboration with R. Parton) revealed 
morphological alterations of the early endosomes (Plate 
11). Over-expression of wild-type Rab5a induced the ap-
pearance of atypically large early endosomes whereas cells 
over-expressing Rab5ile133 accumulated small tubules and 
vesicles at the periphery of the cell. Thus, Rab5a appears 
to be a rate limiting component of the machinery regu-
lating lateral fusion between early endosomes and fusion 
of plasma membrane-derived endocytic vesicles with early 
endosomes. Consistent with this interpretation, studies per-
formed with Bernard Hoflack indicated that Rab5a is also 
present in clathrin-coated vesicles. We are making use of 
biochemical techniques to study the mechanism of action of 
Rab proteins. Dominant interfering mutants expressed with 
the vaccinia system should hopefully facilitate the identifi-
cation of components interacting with Rab5a. In addition, 
by using molecular cloning techniques we have identified 
two putative homologues of Rab5a in yeast Saccharomyces 
cerevisiae. This opens the possibility of performing genetic 
studies aimed at the identification of interacting regulatory 
components. We are in the process of disrupting these 
genes to study their functional role in endocytosis. Finally, 

Daniela Lombardi (Karsenti's group) in collaboration with 
S. Pfeffer's laboratory (Stanford University) has shown that 
Rab9 controls transport from the late endosomes to the 
trans-Golgi network (TGN) (Lombardi et a/., 1993). 

Identification of epithelial-specific Rab proteins 
(A. Lutcke & P. Chavrier) 

All Rab proteins identified so far were found equally ex-
pressed in polarized and non-polarized cells. Therefore, we 
have continued our efforts to identify GTP-binding proteins 
specifically expressed in epithelial cells. The expression of 
the novel Rab proteins was determined in epithelial and non-
epithelial cell-lines and in various mouse organs by Northern 
blot analysis. Om. of these proteins, Rab17, was detected 
in kidney, liver, and intestine but not in organs lacking ep-
ithelial cells nor in fibroblasts. To determine whether Rab17 
is specific for epithelial cells we studied its expression in 
the developing kidney, in collaboration with Dr. Lehtonen's 
group in Helsinki. In the embryonic kidney, unpolarized 
mesenchymal stem cells differentiate into epithelial cells in 
response to an inductive interaction with the ureter bud. 

PLATE 11 

Confocal immunofluorescence microscopy analysis of cells over-
expressing Rab5 or Rab5i1e133. (A) Control BHK cells stained 
with anti-human transferrin receptor (hTR) antibodies and (B) with 
anti-Rab5 antibodies. In (C) and (0) larger endocytic structures are 
observed in BHK cells over-expressing wild-type Rab5. (E) and (F) 
show a fine network of small vesiculo-tubular structures in cells 
expressing the Rab5i1e133 mutant protein. These images, taken on 
the EMBL confocal microscope, are of one optical section of 0.4 mm 
taken from the base of the cells. 
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Northern blot and in situ hybridization studies indicated that 
Rab17 is absent from the mesenchymal precursors but is 
induced upon their differentiation into epithelial cells. By im-
munofluorescence and immunoelectron microscopy on kid-
ney sections performed in collaboration with Robert Parton, 
Rab17 was localized to the basolateral plasma membrane 
and to apical tubules, implying a possible involvement in 
transcellular transport. We believe that Rab17 regulates a 
transport step necessary for establishment or maintenance 
of cell polarity. We are currently addressing the function 
of this protein by over-expressing wild-type Rab17 and 
dominant interfering mutants in polarized epithelial cells. 

Identification of genes involved in the 
establishment of cell polarity 
(M. Stapleton & P. Chavrier) 

This approach aims at defining the set of molecules which 
are specifically expressed in polarized epithelial cells and 
is complementary to the studies on epithelial-specific Rab 
proteins. This project involves the Simons group and the lab-
oratory of Dr. Lehtonen in Helsinki. Epithelial differentiation 
of the nephrogenic mesenchyme can be reproduced in vitro 
by cocultivation with the inducer tissue. This in vitro system 
gives the opportunity to synchronize the differentiation of 
the mesenchymal cells. By using differential hybridization 
techniques we have identified transcripts which are induced 
during the transition from mesenchyme to epithelium. We 
are now determining the nucleotide sequence of these cD-
NAs as a first step towards elucidating the function of the 
encoded polypeptides. 

Publications during the year 

Bucci, C., Parton, R.G., Mather, I.M., Stunnenberg, H., 
Simons, K., Hoflack, B. & Zerial, M. (1992). The small 
GTP-ase Rab5 functions as a regulatory factor in the early 
endocytic pathway. Cell, 70, 715-728 

Chavrier, P., Gorvel, J.-P., Simons, K., Gruenberg, J. & 
Zerial, M. (1992). Localization of Rab proteins. In The Super-
family of ras-Related Genes: ed. Spandidos, DA; Plenum 
press, New York, pp. 253-262 

44 

Chavrier, P., Simons, K. & Zerial, M. (1992). The complexity 
of the Rab and Rho GTP-binding protein subfamilies re-
vealed by a PCR cloning approach. Gene, 112,261-264 

Dupree, P., Olkkonen, V.M. & Chavrier, P. (1992). Se-
quence of a canine cDNA clone encoding a RanITC4 GTP-
binding protein. Gene, 120,325-326 

Parton, R.G., Schrotz, P., Bucci, C. & Gruenberg, J. (1992). 
Plasticity of early endosomes. J Cell Sci., 103, 335-348 

Peter, M., Chavrier, P., Nigg, EA & Zerial, M. (1992). Iso-
prenylation of Rab proteins on structurally different cysteine 
motifs. J Cell Sci., 102,857-865 

Zerial, M., Parton, R., Chavrier, P. & Frank, R. (1992). 
Localization of Rab family members in animal cells. Methods 
in Enzymol., 219, 398-407 

Other references 

Araki, S., Kikuchi, A., Hata, Y., Isomura, M. & Takai, Y. 
(1990). J BioI. Chem., 265,13007-13015 

Chavrier, P., Gorvel, J.-P., Stelzer, E., Simons, K., Gruen-
berg, J. & Zerial, M. (1991). Nature, 353, 769-772 

Chavrier, P., Vingron, M., Sander, C., Simons, K. & Zerial, 
M. (1990). Cell, 62, 317-329 

Chavrier, P., Vingron, M., Sander, C., Simons, K. & Zerial, 
M. (1990). Mol. Cell. BioI., 10,6578-6585 

Gorvel, J.-P., Chavrier, P., Zerial., M. & Gruenberg, J. 
(1991). Cell, 64, 915-925 

Lombardi, D., Soldati, T., Riederer, MA, Goda, Y., Zerial, 
M. & Pfeffer, S. (1993). EMBO J, 12, in press 

Parton, R.G., Bucci, C., Hoflack, B. & Zerial, M. (1992). 
Regulation of endocytosis by the small GTPase Rab5. In 
ASCBINATO Summer Conf. Proc.; Springer-Verlag, Berlin, 
in press 



Differentiation Programme 

Introduction 

The Programme is interested in various aspects of growth 
control, differentiation and development. Research focuses 
on genes whose products act as molecular switches during 
these processes and which can function at the cell surface, 
the cytoplasm and in the nucleus. 

Several groups in the Programme work on mechanisms of 
how external signals are perceived by the cell and how 
these signals are transduced to the nucleus, activating or 
repressing genes that are involved in growth control and/or 
differentiation. A large part of the work in the groups of 
Courtneidge, Draetta and Bohmann revolves around the role 
of phosphorylation/dephosphorylation during signal trans-
duction and cell cycle control, using a variety of cell systems 
which range from yeast to mammalian cell cultures. Some 
of the general questions asked are: What is the nature of 
the multiprotein complexes formed between the cytoplasmic 
domain of activated growth factor receptors and different 
types of signalling molecules? What is the link between 
growth factor receptors and proteins involved in cell cycle 
regulation on the one hand and transcriptional regulator 
proteins on the other? How are the transcriptional regulator 
proteins themselves regulated? 

The Graf and Mlodzik groups are interested in molecular 
mechanisms of cell determination and differentiation. How 
does a stem cell decide to differentiate into one or another 
cell type? This question is being examined in the haemopoi-
etic system of chickens as well as in the neuronal cells of the 

compound eye of Drosophila. Since in higher vertebrates 
aberrations in growth control and differentiation can lead 
to cancer, all of the above groups (with the exception of 
Mlodzik's) are working also on the mechanism of cell trans-
formation and tumorigenesis. The arrival of Anne Ephrussi 
has added to the Programme another group working on 
mechanisms of determination and differentiation. Here the 
question is how primordial germ cells are determined early 
in embryogenesis of Drosophila. 

Last but not least, the groups of Zeller, ROther and Duboule 
are studying embryonic development of higher vertebrates. 
How are cell patterns determined in the developing limb? 
How are the main body axes established? What is the role 
of homeobox genes as well as other genes during these pro-
cesses? Many of the genes which were found to be crucial 
for determination and pattern formation during development 
also act at various levels in the growth control network. 
This provides a link between the more developmentally 
orientated groups and those primarily interested in signal 
transduction/cell cycle control within the Programme. 

Ulrich ROther and Giulio Draetta left the Programme at the 
end of the year while Anne Ephrussi joined us during the 
summer. I would like to express the appreciation and grati-
tude of the Programme for the work done by the colleagues 
who have left. We are now awaiting the arrival of Stephen 
Cohen, who will lead the third Drosophila group within the 
Programme. 
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Role of transcription factors in differentiation and 
growth control of haematopoietic cells 

Group leader: T. Graf 

Scientist: J. Frampton 

Fellows: T. Alonso, T. Casini, N. Kraut, H. Kulessa*, F. Lim, K. McNagny, F. Rossi, M. Sieweke 

Assistants: G. DOderlein, S. Grieser*, A. Marknell 

Our main interest is to understand how transcription factors 
influence the balance between differentiation and prolifera-
tion of vertebrate cells. We are approaching this question 
using oncogene-transformed chicken haematopoietic cells 
that exhibit specific phenotypes characteristic of multipotent 
or monopotent progenitors. In particular, we are studying in 
great detail the avian acute leukaemia virus E26, which car-
ries the transcriptional activator-type oncogenes myb and 
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ets. In previous work we have learned that both oncogenes 
are required for leukaemogenicity, and that they must be 
fused into a single polypeptide to be effective (Metz & Graf, 
1991). We also found that the virus induces the proliferation 
of a multipotent progenitor, which we have termed MEP (for 
Myb - Ets transformed progenitor). MEP cells differentiate 
spontaneously into erythrocyte-like cells and can be induced 
to differentiate into myeloblasts (macrophage-granulocyte 
precursors) and eosinophils by activation of the (as pathway 
or by treatment with the phorbolester TPA (Graf et al., 1992). 

Cross-talk between the Myb and Ets domains 
of the E26 fusion protein 

The E26 virus encodes a 135 kDa fusion protein consisting 
of Gag, Myb and Ets domains. Previous work (Ness et al., 
1989) had shown that this protein binds to oligonucleotides 
containing a Myb binding site (MBS). We have now found 
that the protein, synthesized in reticulocyte Iysates, does 
not bind to oligonucleotides containing an Ets binding site 
(EBS). However, the DNA binding capacity of the Ets do-
main can be activated by mild proteolytic digestion of the 
135 kDa protein, indicating that this domain is repressed 
by the fusion to Myb (and Gag). Interestingly, the Ets 
domain can be derepressed by incubation of the 135 kDa 
fusion protein with excess MBS oligonucleotide. Preliminary 
results indicate that this cross-talk between Myb and Ets 
is mediated by a conformational change which is induced 
when Myb binds DNA (Plate 12). Recent work with a mutant 

PLATE 12 

Proposed model for the binding of the Myb-Ets fusion protein 
to DNA. 

(1) In newly synthesized fusion protein the Ets DNA binding 
domain is masked, possibly by a direct interaction with the 
DNA binding domain of Myb. 

(2) Following binding of the fusion protein to a Myb binding DNA 
sequence (MBS) a conformational change releases the Ets 
domain. 

(3) The Ets domain binds to an Ets binding DNA sequence (EBS). 



(W2xF) which contains a single amino-acid substitution in 
repeat 2 of the DNA binding domain of Myb has added 
further support to the model. The mutant Myb-Ets protein 
is still capable of binding to MBS and of transforming 
myeloblasts, but can no longer be activated to bind EBS 
following pre-incubation with excess MBS. In addition, it has 
lost the ability to transform multipotent progenitors. These 
results indicate that the location of the W2xF mutation marks 
the interface with Ets (or another intermediate protein). We 
are currently isolating second site revertants of W2xF which 
would demonstrate a direct interaction between the Myb and 
Ets DNA binding domains. 

The transcriptional activator GATA-1: a master 
gene of haematopoietic differentiation 

It is generally assumed that the process of lineage commit-
ment is irreversible. This also appears to be the case for 
E26-transformed MEP cells induced to differentiate by TPA 
treatment. Thus, TPA-induced myeloblasts and eosinophils 
retain their phenotype, even when the phorbolester is re-
moved. A reasonable guess is that MEPs, myeloblasts and 
eosinophils exhibit distinct patterns of transcription factor 
expression and that the changes induced during lineage 
commitment of MEPs become stabilized. If this concept is 
correct it might be possible to reverse differentiation (or alter 
the differentiation phenotype) simply by altering the pattern 
of transcription factor expression. 

We have begun to address this question based on the 
finding that E26-transformed MEP cells as well as E26-
transformed and normal eosinophils express the "erythroid" 
transcription factor GATA-1 while E26 myeloblasts do not. 
We have therefore stably introduced a vector containing 
GATA-1 into an E26-transformed and normal myeloblast 
cell-line obtained following TPA treatment of an MEP cell-
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line. Interestingly, these cells exhibited a drastically 
changed phenotype; they became significantly smaller, 
down-regulated several myeloid-specific markers and ex-
pressed two eosinophil-specific markers. In addition, they 
weakly expressed a cell surface antigen (MEP26) charac-
teristic for MEPs. Myeloblasts transfected with an inducible 
GATA-1/estrogen receptor construct also showed down-
regulation of myeloid markers and up-regulation of at least 
one eosinophil marker in an estrogen-dependent manner. 

We have recently found that myc-transformed macrophages 
can likewise be induced by GATA-1 to down-regulate 
myeloid specific markers and to express granules charac-
teristic of eosinophils. This indicates that GATA-1 does not 
require cooperatic:1 with either Myb, Ets or the Myb-Ets 
fusion protein to exert its effects. As summarized in Plate 13, 
the results described show that GATA-1 can induce the 
trans-differentiation of myeloblasts into eosinophils, indicat-
ing that it has a key role in lineage commitment during 
haematopoiesis. 

V-Ets maintains the multi potency of MEP cells; 
a novel system to study lineage commitment 

The discovery that MEP cells transformed by E26 virus can 
be efficiently induced to differentiate into either myeloblasts 
or eosinophils opened the way to study the molecular basis 
of lineage commitment in these cells. What gene products 
act as molecular "switches" to induce lineage commitment? 
One possible approach to this problem is to screen cDNA 
libraries from MEP cells treated with TPA. This approach, 
however, has the disadvantages that TPA exerts pleiotropic 
effects on cells, that it does not act directly at the tran-
scriptional level, and that it is not a physiologic inducer 
of haematopoiesis. We have now developed a different 
system which promises to be free of these disadvantages. 

PLATE 13 

Effects of TPA and GATA-1 on the 
differentiation of E26 Myb-Ets trans-
formed progenitors. 

(A) The phorboiester TPA induces Myb-
Ets transformed progenitors (MEP) 
to differentiate into myeloblasts and 
eosinophils. 

Myeloblast (8) Ectopic expression of the transcrip-
tion factor GATA-1 in myeloblasts 
induces down-regulation of myeloid 
markers and differentiation into 
eosinophils. 

.... .... 
, 

Eosinophil 

Shading of cell nuclei indicates endo-
genous/exogenous GATA-1 expression . 
Solid arrows indicate induced differen-
tiation, broken arrow spontaneous 
differentiation. The broken lines in (8) 
indicate the possibility that GATA-1 
induces a partial reversion to the MEP 
phenotype. 
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PLATE 14 

Temperature induced differentiation of a multipotent haematopoie-
tic progenitor transformed by the ts1.1 mutant of E26 virus. For 
explanation of symbols see legend of Plate 13. 
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It consists of multipotent cells transformed by the ts1.1 
mutant of E26, a mutant with a lesion in the DNA binding 
domain of Ets (Golay et al., 1988). At the permissive tem-
perature (35 0 C) these cells can differentiate spontaneously 
not only into erythrocytes but also into eosinophils. Fol-
lowing a shift to the non-permissive temperature (42 0 C) 
they differentiate terminally into either erythrocytes or into 
myeloblasts. These observations are illustrated in Plate 14. 
The mechanism whereby ts1.1 MEP cells become commit-
ted appears to be based on the functional inactivation of 
Ets since ts1.1 v-Ets protein binds to EBS oligonucleotides 
at 20 0 C but not at 42 0 C, as shown in bandshift experi-
ments. These results indicate that the integrity of the Ets 
domain is necessary to maintain the multipotency of MEP 
cells. They also suggest that this process is mediated by 
genes which are directly up- or down-regulated by the 
ts1.1 fusion protein. We are currently using this temperature 
sensitive cell system to search for Myb-Ets regulated target 
genes, employing a substracted cDNA screening proto-
col. 
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Molecular biology of mammalian development 

Group leader: U. ROther 
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Visitors: J. Beckers, U. Gayko* 

Assistants: F. van der Hoeven, C. Woodroofe 

The molecular basis of the organisation of the body plan of 
mammals is poorly understood. Several attempts have been 
started to explore the genetic programme of mammalian 
development e.g. by analysing vertebrate homologues of 
Drosophila developmental genes. We have chosen to use 
the transgenic mouse system in combination with embryonic 
stem (ES) cells to test the developmental importance of 
known genes (over-expression, inactivation) and to screen 
by insertional mutagenesis for novel genes. 

Studies to analyse the function 
of genes in development 

We have continued our efforts to study the function of the 
proto-oncogene c-fos by analysing in more detail different 
transgenic mouse-lines (see report 1991). In collaboration 
with Takeshi Tokuhisa (ICMR, Japan) the influence of c-fos 
on the function of B cells was investigated. Using B cell 
populations isolated from transgenic mice which express 
c-fos only upon induction (Bachiller & ROther, 1990) it was 
possible to show that the differentiation of B cells is depen-
dent on the level and length of c-fos expression (Koizumi et 
al., 1993; Takada et al., 1993). Mice lacking c-fos will be an 
important tool to unravel its function. In collaboration with 
Erwin Wagner (IMP, Austria) the c-fos gene was inactivated 
via homologous recombination in ES cells. Chimaeric mice, 
heterozygous and homozygous offspring were generated 
and analysed (Wang et al., 1992). In homozygous mice, 
c-fos was clearly absent at the level of RNA and protein 
and these mice displayed marked disturbancies in the bones 
(osteopetrosis) and in the haematopoietic system (reduction 
of thymocytes and splenocytes). Thus, c-fos is essential for 
normal development of bone and BIT cells. Furthermore, 
these results confirm the interpretation of earlier studies 
using ectopic expression of c-fos as a means to unravel its 
function (ROther et al., 1987, 1988 & 1989). In collaboration 
with Gennaro Ciliberto (IRBM, Italy) we have investigated 
the inducible C-reactive protein (CRP) promoter. We could 
show that transgenic mice in which the transforming gene of 
SV40 is expressed under the control of the CRP promoter 
generate inducible liver tumours (ROther et al., 1993). These 
mice now allow us to analyse the molecular and cellular 

events of carcinogenesis under controlled conditions. Since 
the CRP promoter is supposed to be induced by the in-
terleukin 6 (IL6) we were interested to study the long-term 
consequences of elevated IL6 in mice. Therefore, we have 
generated transgenic mice over-expressing IL6 at a level 
sufficient to induce IL6-responsive genes. These mice were 
inspected over a life span of about two years; we found that 
they can tolerate a high level of IL6 for at least the first 
twelve months of their life. With aging we detected a high 
incidence of lymphomas in these mouse-lines (Woodroofe 
et al., 1992). Thus, IL6 can be used as an inducer of 
transgenes without serious consequences for the normal 
mouse physiology. 

In collaboration with Bernhard Fleckenstein (Erlangen, Fed. 
Rep. of Germany) we have started to characterize the 
transforming capability of isolated sequences of different 
Herpes saimiri viruses in transgenic mice. We could doc-
ument that the so-called STP-C sequences can induce 
epithelial tumours in several tissues of mice (Murphy et al., 
1992). This is the first Herpes virus sequence defined as a 
tumour-inducing oncogene. 

Molecular characterization of mouse mutants 
generated by insertional mutagenesis 

To identify new genes with important functions in devel-
opment we have continued to characterize mouse mu-
tants which we have found by screening our transgenic 
mouse-lines for phenotypes caused by the integration of 
the transgene. Two out of eight mutations detected have 
been analysed in respect to the altered genes and their 
expression pattern. First, we could provide evidence that 
the recessive bone malformation mutant called add (anterior 
digit-pattern deformity; Pohl et al., 1990) is most likely an 
allele of the known mouse mutation called extra-toes (Xt) 
(van der Hoeven et al., 1992). In both mouse mutants 
the zinc-finger gene Gli3 is affected and the expression of 
Gli3 correlated very well with the structures changed in the 
stronger allele Xt (Schimmang et al., 1992). Second, we 
have cloned the gene affected in the other limb deformity 
mutant, called fused-toes (Ft). Here, toes are fused and 

49 



thymuses are hyperplastic. Developmental studies suggest 
that programmed cell death is negatively influenced by the 
mutation. The isolated gene is novel and it does not even 
show homology to any known motives of other genes (van 
der Hoeven et al., in preparation). The expression of this 
gene is investigated in respect to its temporal and spatial 
distribution. 
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Tyrosine phosphorylation 

Group leader: S. Courtneidge 

Fellows: S. Fumagalli, M. Kegl, R. Kypta*, L. Olcese, G. Twamley 

Assistants: A. Heber, M. Jones* 

Protein phosphorylation/dephosphorylation is an important 
mechanism by which many cellular processes are con-
trolled. Most of the protein-bound phosphate in cells is 
attached to serine and threonine residues, while less than 
one percent is attached to tyrosine residues. Despite its low 
abundance, the phosphorylation of proteins on tyrosine is 
frequently detected when cells are stimulated to grow and/or 
differentiate. Indeed, many protein tyrosine kinases are 
trans-membrane growth factor receptors, whose function is 
to transduce signals originating in peptide growth factors 
into the cell. However many other tyrosine kinases exist, 
both membrane-bound and cytoplasmic. Some of these, 
which have been called the Src family, are situated at the 
cytoplasmic face of the plasma membrane and intracellular 
membranes. Among other potential functions, the tyrosine 
kinases of the Src family are thought to be involved in signal 
transduction, both in the response to ligands whose recep-
tors themselves lack intrinsic kinase activity, and for ligands 
whose receptors are themselves protein tyrosine kinases. 
Most Src family members are restricted in their expression 
to certain haematopoietic cells, but three (Src, Fyn and Yes) 
have a much broader tissue distribution, perhaps implying 
a more universal function. This laboratory is interested in 
the protein products of the src, fyn and yes genes, and 
particularly in their roles in normal and abnormal growth 
control. 

Src family kinases and transformation 

The transforming protein of the mouse polyomavirus, mid-
dle T antigen, is able to confer the transformed pheno-
type on established fibroblasts in culture, as well as cause 
tumours in vivo. Middle T antigen lacks intrinsic enzyme 
activity, but rather has the ability to associate with, and 
in some cases change the activity of, several cellular pro-
teins. These include the protein tyrosine kinases Src, Yes 
and Fyn. The association is much stronger with Src and 
Yes than it is with Fyn, and results in the activation of 

the former two enzymes. Middle T antigen also associates 
with the phosphatidylinositol 3-kinase: although the enzyme 
is activated in polyomavirus-transformed cells, its function 
is unknown. Finally, middle T antigen binds to two other 
cellular proteins, which are the catalytic (36 kDa) and one 
of the regulatory (63 kDa) subunits of the serine/threonine 
phosphoprotein phosphatase PP2A. The consequences of 
this interaction are also not understood. In addition, several 
mutants of middle T antigen are able to bind to all of the 
above proteins yet fail to transform, suggesting that middle T 
antigen also associates with other, as yet uncharacterized, 
cellular proteins. 

We recently characterized a new middle T antigen from 
the hamster polyomavirus (HaPV). This virus is of interest 
because, although it transforms mouse fibroblasts in vitro, 
it has a very different in vivo tumour profile to the mouse 
polyomavirus, causing lymphoma and epithelioma, while the 
mouse polyomavirus causes a wide variety of tumours, but 
never lymphoma. In addition, the two middle T antigens 
have only a 40% similarity at the amino-acid level. We 
identified the HaPV middle T antigen as a 45 kDa phos-
phoprotein, that, like its murine counterpart, was associated 
with PP2A, phosphatidylinositol 3-kinase and protein tyro-
sine kinase activities. However, whereas mouse middle T 
antigen predominantly associates with Src and Yes, we 
found that the hamster middle T antigen was associated 
almost exclusively with Fyn. This result reinforces the no-
tion that the Src family kinases, despite their extensive 
similarities, are functionally distinct in vivo. Furthermore, 
these results raise the possibility that the ability of HaPV 
to cause lymphoid tumours may reside in its ability to as-
sociate with Fyn, a potentially important tyrosine kinase in 
lymphocytes. 

We have now constructed chimeras of the two middle T 
antigens to map the binding sites for the kinases. We 
find that a short stretch in the "region" of the hamster 
middle T antigen is responsible for its ability to bind Fyn. 
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Indeed introduction of this region into the mouse mid-
dle T antigen is sufficient to cause the chimera to bind 
Fyn strongly, and Src only poorly. These chimeras have 
also allowed us to generate mutant middle T antigens 
that cannot bind tyrosine kinases, but retain the ability 
to bind phosphatase. We will be using these mutants in 
the future to assess the relative contributions of kinase-
and phosphatase-containing complexes to transformation 
by middle T antigen. 

We have also introduced the hamster middle T antigen into 
lymphoid cells to study its effects on signal transduction in 
this system. Our preliminary data indicate that the hamster 
middle T antigen, but not the mouse middle T antigen, is 
able to activate IL2 transcription in T cells (an indicator 
of T cell activation). These data confirm the notion that 
activation of Fyn, but perhaps not of Src and Yes, is required 
for T cell signalling to occur. We are currently using the 
chimeras described above to investigate this activation in 
more detail. 

Src family kinases and signal transduction 

The binding of the peptide growth factor, PDGF, to cells that 
express its receptor, leads to a series of biochemical events 
that culminates in cell division. The first step is activation of 
the intrinsic tyrosine kinase activity of the receptor, which in 
turn leads to the association of the receptor with a number of 
cellular proteins including: the phosphatidylinositoI3-kinase; 
phospholipase C'Y; GAP (involved in control of the GTPase 
activity of the ras oncogene); and the three ubiquitously 
expressed members of the Src family, Src, Fyn and Yes. 
Binding of the Src family kinases to the receptor is also 
coincident with novel tyrosine phosphorylations of the Src 
kinases, as well as an increase in their intrinsic tyrosine 
kinase activity. 

We have previously demonstrated that PDGF receptors 
lacking tyrosine at one of their autophosphorylation sites, 
Y857F, were only poorly able to bind the Src family kinases. 
This is in contrast to the PI 3-kinase and GAP and PLC'Y, 
whose binding is unaffected by this mutation. Work from 
several laboratories has suggested that each associated 
protein has a separate binding site on the receptor. For Fyn 
this is corroborated by our finding that Fyn is able directly 
to associate with the activated PDGF receptor in vitro, in 
the absence of the other proteins. We have also generated 
several mutants of Fyn, and used these to show that the 
sequences required for binding were contained within its 
SH2 domain. Our in vivo data is thus in good agreement 
with the in vitro data of others, demonstrating specific 
association between SH2 domains and short stretches of 
amino-acids containing phosphotyrosine. A number of ar-
guments suggest that the sequences around Y857 in the 
PDGF receptor do not comprise the actual binding site for 
the Src family kinases, but rather that the Y857F mutant 
receptor is poorly able to autophosphorylate at other ty-
rosines, one of which is within the Fyn binding site. We 
have recently used synthetic phosphopeptides, modelled on 
the phosphorylation sites in the PDGF receptor, in binding 
assays, and have identified a candidate binding site for 
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Fyn on the PDGF receptor. Our current experiments are 
testing genetically whether the sequence we have identified 
does indeed comprise the binding site for the Src family 
kinases. 

To ask whether other activated receptors were also able 
to associate with Src family kinases, we initiated a col-
laboration with Dr. Martine Roussel (St. Judes, Memphis, 
Tennessee). With her we have shown that Src, Fyn and 
Yes associate with another protein tyrosine kinase, the acti-
vated receptor for colony stimulating factor-1 (CSF-1), and 
become activated upon binding. A mutant CSF-1 receptor 
lacking tyrosine at a major autophosphorylation site, Y809, 
is defective in its ability to bind the Src family kinases, and 
in signal transduction. The association requires the SH2 
domain of the Src family kinases, and our preliminary anal-
ysis suggests that the binding site on the CSF-1 receptor 
is homologous to the binding site we have identified in the 
PDGF receptor. 

Finally, we wanted to know whether the binding of the 
Src family kinases to the PDGF receptor is required for 
the cell to respond to PDGF. Our first clue that this may 
indeed be the case came from analysis of cells expressing 
the mutant receptors mentioned earlier. The Y857F PDGF 
receptor mutant, as well as the Y809F CSF-1 receptor 
mutant, both of which are reduced in their ability to bind 
Src family kinases, are also significantly impaired in their 
ability to grow in response to ligand, suggesting that the Src 
family kinases are required for efficient signal transduction. 
This hypothesis is strengthened by data we have obtained 
using a microinjection system to express high levels of 
kinase-inactive Fyn in cells. Such cells are unable to enter 
S phase in response to PDGF stimulation, whereas cells 
containing a similar amount of kinase-active Fyn could. We 
assume that the high levels of kinase-inactive Fyn compared 
to the low levels of active Src family molecules caused most 
PDGF receptors to associate with kinase-inactive molecules 
which could not transmit a necessary signal. This effect 
was not due to the over-expression of an SH2 domain-
containing protein, since microinjection of plasmids encod-
ing a Src-related protein, Csk, that does not bind to the 
PDGF receptor, failed to inhibit DNA synthesis. Finally, the 
block to DNA synthesis could be overcome by simultaneous 
microinjection of activated Ras, which is believed to act 
downstream of Src family kinases. We interpret these data 
to mean that the Src family kinases must associate with and 
become activated by the PDGF receptor for PDGF-induced 
growth to take place. What function do the activated Src 
family kinases have in this signal transduction pathway? 
Our working hypothesis is that certain proteins that get 
phosphorylated on tyrosine in response to PDGF are not 
substrates for the PDGF receptor itself, but rather for the 
Src family kinases. To test this hypothesis we will need large 
quantities of cells expressing the kinase-inactive Fyn for 
biochemical analyses. To that end, we are now expressing 
kinase-inactive Fyn on a inducible vector, and inducing 
high levels of the protein shortly before PDGF treatment. 
A comparison of tyrosine phosphorylated proteins present 
in normal cells after PDGF stimulation with those present in 
the kinase-inactive Fyn over-expressors should be informa-
tive. 
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Homeobox containing genes and the molecular biology of vertebrate development 
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The mammalian genome contains about 40 members of 
the "Hox" gene family. These genes are clustered in four 
complexes (HOXA, B, C and D) and encode proteins 
(homeoproteins) harboring a homeodomain related to that 
present in the Drosophila homeotic genes. Homeoproteins 
are probably transcription factors involved in the key con-
trol of morphogenetic events such as instructing various 
cells on their positions and fates along the major body 
axes. Though the target genes of such homeoproteins are 
not yet known, it is believed that various combinations of 
such proteins could differentially affect the same or different 
genes located "downstream" in developmental pathways 
and therefore finally lead to differential cytodifferentiation. 
Recent results obtained by introducing perturbations in such 
homeoprotein combinations support this hypothesis. DNA 
and protein sequence comparisons between Hox genes 
suggests that gene duplication generated, during evolution, 
the ancestral HOX complex which was in turn duplicated to 
give rise to the multicomplex organization reported in most 
of the vertebrate species studied so far. These large scale 
duplication steps may not have occurred in arthropods since 
Drosophila contains only one copy of such an ancestral 
complex. In this case, it appears that this complex was split 
to give rise to the two known Bithorax and Antennapedia 
homeotic gene complexes, whereas other arthropods such 
as beetles may still have a unique cluster of homeotic genes. 
It thus becomes clear that this family of genes has been 
strictly conserved during evolution in most, if not all animal 
species that show an antero-posterior (AP) asymmetry. 

A detailed study of the expression domains of these various 
genes during the development of both Drosophila and mam-
mals further demonstrates their phylogenetic linkage and 
suggests a possible conservation of some of their functional 
features. The order of the expression domains of the rodent 
Hox genes along the developing AP axis, like the order of 
the structures specified by the Drosophila homeotic genes, 
is colinear with the arrangement of these genes along the 
clusters. 

We have continued to investigate various aspects of this 
gene family, especially in the following directions. 
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Structure and function of the HOXD complex genes 
(P. Dolle, M. Gerard, A. Renucci, G. Urier & J. Zakany) 

The HOXD complex (formerly called HOX-5 or HOX-4) has 
been entirely cloned and characterized. It contains eight 
genes with a homeobox. We have focused on the first 5' 
genes of the complex and found that they are all cognates 
of the Drosophila gene AbdB. These genes (Hoxd-9 to 
Hoxd-13) are all expressed in very posterior areas during 
development and are therefore believed to specify positional 
information required for the ontogeny of the posterior part of 
the vertebrate body. We have extensively characterized the 
most 5'-located gene (Hoxd-13) and were able to link it to 
the evx-2 gene, a gene which is not a member of the HOXD 
complex (in collaboration with P. Gruss). The function of 
the Hoxd-13 gene was addressed by the production of 
an insertional mutant via homologous recombination in ES 
cells. In collaboration with P. Chambon we have produced 
homozygote mutant mice which are fully viable and have 
defects in skeletal elements along all the body axes, i.e. in 
the pen ian bone, in some sacral vertebrae and in the limb 
skeleton. In adult limbs, a reduction (or deletion) of bony 
elements is observed in the areas that express Hoxd-13 
during chondrogenesis and ossification, i.e. in all digits of 
the fore- and hindlimbs. 

Regulation of Hox gene expression in transgenic 
mice (M. Gerard, A. Renucci, D. Lazzaro & J. Zakany) 

The Hoxd-9 and d-11 promoters have been extensively 
studied in transgenic mice. Sequence comparisons between 
the human, rodent and avian genes revealed highly con-
served regulatory areas. Some of the factors binding to spe-
cific sequences in these areas are currently being analysed. 
One of them has been purified from EC tumours and is cur-
rently prepared for sequencing. Various pieces of the mouse 
Hoxd-11 locus have been reintroduced into transgenic mice, 
driving the bacterial lacZ gene as a reporter. This approach 
revealed that a DNA region extending both in 5' and 3' is 
necessary to obtain an expression pattern similar to that of 
the endogenous Hoxd-11 gene. Short DNA fragments have 



been defined which are important for the regulation of the 
Hoxd-11 gene through both their interspecies conservations 
and their abilities to reproduce part of the expression pattern 
when placed upstream of an heterogenous promoter. 

Mechanisms of action of the HOXD homeoproteins 
(G. Urier & D. Bachiller) 

Most of the HOXD homeoproteins have been introduced 
into eukaryotic expression vectors and produced in cultured 
cells. After immunoprecipitation, the binding affinities of 
these proteins were studied by using the binding site selec-
tion technique. We compared the affinities for different se-
lected sites of proteins belonging to three different classes, 
AbdB-like, Dfd-like and Ubx/scr-like. The results indicate 
that various types of homeoboxes recognize slightly different 
binding sites (or the same) with different affinities. In order 
to demonstrate the functional relevance of these results 
in vivo, various selected binding sites were oligomerized 
and introduced in flies upstream of a heat-shock promoter. 
Interestingly, these constructs are able to respond to the 
endogenous homeotic genes, as verified by using mutant 
strains, with the same differences in affinities than that 
observed in vitro. These results suggest that all Hox genes 
may exert their action by regulating the same pool of target 
genes but with subtle specificities in the protein/DNA binding 
properties. 

In vivo studies of the functional organisation 
of Hoxd genes (D. Bachiller) 

Several lines of evidence suggest that "posterior" Hox genes 
(or 5'-located) are functionally prevalent over more "an-
terior" (3'-located) ones (the "posterior prevalence"). As a 
similar observation was made in Drosophila ("phenotypic 
suppression"), we aim to analyse the functional hierarchy of 
such vertebrate proteins in Drosophila. Several transformant 
lines were produced that carry a particular Hoxd cDNA 
controlled by a heat-shock promoter. Upon heat-shocks of 
the embryos, several HOXD proteins are able to induce phe-
notypes that are typical of genuine homeotic transformations 
(in collaboration with G. Morata). This provides us with a 
convenient system to define in vivo the functional domains 
of the HOXD proteins. Interestingly, preliminary results in-
dicate that more posterior proteins (e.g. HOXD-11) may 
transform more posterior segments than more 3' -located 
proteins such as 0-9 or 0-10. 

Functional studies of the Wnt-1 gene 
(M. Lemaistre & J. Zf:lkfmy) 

We have used the property of some Hox enhancer elements 
to control the expression of a reporter gene at specific 
time and place during development, to ectopically express 
the vertebrate Wnt-1 gene. This gene is important for the 
correct patterning and development of parts of the eNS and 
it is a member of a family of genes which encode secreted 
molecules. Such molecules are also of potential importance 
in the epithelial-mesenchymal interactions that govern limb 
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Schematic representation of the Hox-4 transcript domains in a 12.5 
days old f0etus. The domains of 6 neighbour genes are shown 
using different intensities of greys for the different genes so that 
more posterior (postero-distal) is darker (black for Hox-4.8; see 
the key in the right). The arrows illustrate the direction of the 
morphogenetic progression for either the rostro-caudal axis or the 
limb proximo-distal axes. This scheme reveals the similarities in 
the distributions of these Hox transcripts along the various axes, 
suggesting a common patterning strategy. 
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growth and patterning. A mouse strain was obtained that 
ectopically expresses Wnt-1 in the developing limbs. This 
expression leads to defective growth control and prevents 
normal chondrogenic condensations to occur. This results in 
severe defects in limb skeletal patterning. Such a strain shall 
be of great interest to study potential interactions between 
WNT proteins and other genes involved in limb growth and 
patterning such as the Hoxd genes. In parallel, several 
in dependant transgenic mouse lines that ectopically express 
the Wnt-1 gene in different areas of the eNS are currently 
being analysed (in collaboration with J. Papkoff). 

Pattern formation in the eNS (P. Dolle, M. Lemaistre, 
G. Urier, D. Lazzaro & D. Bachiller) 

In collaboration with R. Di Lauro, we have continued to 
investigate the developmental expression of two novel fam-
ilies of homeobox containing genes during the development 
of the brain. These two families are composed of genes 
related to the Drosophila Distal-less (011) and NK-2 genes 
and are strongly expressed in specific areas of the telen-
cephalon and diencephalon during early brain development. 
The study was extended to two novel members of the NK-2 
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family, i.e. Nkx-2.3 and Nkx-2.4. Nkx-2.4 is also expressed 
in a restricted region of the diencephalon which reinforces 
the observation that this family of genes is involved in the 
determination of regional specificity in the forebrain. In order 
to facilitate the study of the Nkx-2.2 gene, the chicken 
counterpart was cloned. Experiments involving various ma-
nipulations of the bird embryos are now being carried out 
with the aim of analysing the expression of this gene under 
these different conditions (in collaboration with C. Tickle). 
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Signal-dependent transcription regulation by nuclear proto-oncogene products 
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An important aspect of the control of differential gene ex-
pression in eukaryotes relies on sequence-specific DNA-
binding transcription factors. Upon binding to their cog-
nate recognition sequences adjacent to or within target 
genes, they can modulate transcription rates in a gene-
selective manner. The effect of DNA-binding transcription 
factors on gene activity can either be constitutive, or it can 
be modulated by cues from the extracellular environment. 
In the latter case the inducible transcription factors are 
part of a system that converts extracellular signals into 
changes of the genetic programme of a cell. Many of the 
known signal-responsive transcription factors are encoded 
by proto-oncogenes. This finding implicates these proteins 
in the control of cell growth and in mitogenic signal trans-
duction pathways, and adds an additional level of interest in 
studying them. The work in our laboratory focuses on Fos 
and Jun which are constituents of the AP-1 transcription fac-
tor family, as well as on Ets-related proteins. Questions that 
we are investigating include: What are the mechanisms by 
which molecular signals can be transmitted to transcription 
factors and how do they influence their function? What is the 
role of specific DNA-binding transcription factors, in particu-
lar those encoded by proto-oncogenes, in signal-dependent 
processes such as growth control and cell differentiation? 

Regulation of c-Jun activity by 
protein phosphorylation 

The function of the proto-oncogene product c-Jun as a 
sequence-specific DNA-binding transcription factor is influ-
enced by its phosphorylation state. To study the causes 
and consequences of c-Jun phosphorylation and dephos-
phorylation events we performed a series of biochemical 
experiments with recombinant c-Jun protein purified from 
transiently transfected mammalian cells. Such analyses on 
Wild-type and various mutated versions of c-Jun revealed 
that the activity of c-Jun as determined by its phospho-
rylation state is adjusted to the concentration of potential 
target sites within the cell. These results imply that the 
concentration and/or accessibility of a promoter element 
can affect the phosphorylation state and the activity of the 
corresponding transcription factor and show for the first 
time that the "classical" direction of information-flow from 

the transcription factor to the promoter element can be 
reversed at least in the case of c-Jun. At present we are 
studying the signal-dependent changes in c-Jun and v-Jun 
phosphorylation in response to extracellular signals and 
oncogene activation which seem to play an important role 
in the control of cell growth and in cell transformation. Initial 
results indicate that both intermolecular and intramolecular 
signals ate involved in this complex regulatory system. 

The control of transcription factor stability 

Transcription factors of the AP-1 family i.e. Fos- and Jun-
related proteins usually have very short halflives. We were 
interested in the molecular mechanisms that govern Jun and 
Fos stability and in the question of whether the degradation 
of these proteins might be controlled by extracellular signals. 
Our experiments documented that the halflife of c-Fos is 
drastically decreased when it is dimerized with phosphory-
lated forms of c-Jun. These results indicate the presence 
of a phosphorylation-dependent signal on c-Jun that can 
target dimerized c-Fos in trans for proteolysis. Interestingly, 
this degradation signal is inactivated (and hence c-Fos is 
stabilized) by a dephosphorylation event that is observed 
following protein kinase C activation with phorbol esters. 
Our results thus suggest that the stability of the transcrip-
tionally potent c-Fos/c-Jun heterodimer is controlled by a 
signal transduction pathway involving protein kinase C and 
suggest a novel mechanism of signal-dependent gene regu-
lation. v-Fos the virally transduced form of c-Fos is not sen-
sitive to c-Jun-dependent degradation. We speculate that 
this insensitivity of v-Fos may contribute to its transforming 
potential. One of the proteolysis systems of the cell utilizes 
the covalent attachment of several ubiquitin polypeptides to 
substrate proteins to mark them for degradation. Once such 
a substrate molecule is recognized by one of the specific 
ubiquitin ligases in the cell it becomes poly-ubiquitinated and 
is subject to rapid degradation by a multicatalytic protease 
complex. Several reasons had led us to suspect that at 
least some AP-1 proteins are substrates for the ubiquitin-
dependent proteolysis system. To investigate this matter, 
we examined whether Jun- and Fos-related proteins are 
recognized by the ubiquitination machinery. An important 
technical achievement was the development of an assay 
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involving the over-expression of molecularly tagged com-
ponents which allows the detection of otherwise elusive 
ubiquitinated intermediates in mammalian cells. Using this 
in vivo assay together with in vitro ubiquitination studies 
we were able to show that c-Jun and v-Jun but not c-Fos 
are specifically recognized by the ubiquitination machinery. 
Further experiments are in progress to elucidate the cis and 
trans-acting requirements for Jun ubiquitination. 

Antagonism between c-Jun and c-Ets 

Jun- and Ets-binding sites are often found in close proximity 
in the promoter regions of eukaryotic genes. To examine the 
possible interplay between these two transcription factors, in 
vitro transcription assays were established. In these exper-
iments c-Ets-1 inhibits the transcriptional activation function 
of c-Jun. This effect is specific because it requires the 
presence of an Ets-binding site in the test gene promoter. 
Interestingly, the negative transcriptional effect of c-Ets-1 is 
reversed in other versions of the protein including a naturally 
occurring splicing variant which misses exon number 7 and 
consequently has lost the capacity to be phosphorylated in 
the cell. The transforming counterpart of c-Ets-1 , v-Ets, also 
does not inhibit Jun-dependent activation but acts as a weak 
transcriptional activator. Transient transfection experiments 
indicate that the negative effect of c-Ets on transcription 
is most pronounced in growth stimulated cells. Our data 
indicate that c-Ets-1 is a bifunctional protein that can act 
both as a positive and a negative transcription factor. Sev-
eral parameters influence its activity including splicing and 
phosphorylation patterns, promoter context, and the growth 
state of the cell. 
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Regulation of vertebrate morphogenesis by the nuclear bFGF 
and limb deformity (/d) gene products 

Group leader: R. Zeller 

Fellows: J.L. de la Pompa, R. Dono, A. Trumpp, A. Zuniga 

Visitor: J. Riese* 

Assistants: P. Blundell*, D. James, R. Zahn 

A major unsolved question in the analysis of embryonic 
development is how embryonic cells are committed and 
develop into specialized cell types. Undetermined embry-
onic cells acquire their positional values by responding to 
specific thresholds imposed by inducers or morphogens. 
The molecular basis of interpretation of morphogenetic sig-
nals by embryonic cells and initiation of differentiation re-
main largely unknown. Both the bFGF and limb deformity 
(Id) gene products have been implicated in these processes 
by previous studies from our and other groups. The chicken 
embryo system allows us to combine the powerful tools 
of molecular biology with classical embryology to analyse 
the molecular hierarchy controlling development both in the 
embryo and in vitro organ cultures. 

Expression of several bFGF isoforms 
during chicken embrogenesis 

We have previously isolated and studied the expression 
pattern of three different types of bFGF transcripts during 
chicken embryogenesis (Zuniga et al., 1993): An antisense 
transcript is expressed during embryogenesis and in specific 
adult tissues together with two types of bFGF sense tran-
scripts (canonical and alternatively spliced; see below). The 
observed inverse proportions of bFGF sense and antisense 
transcript levels provides in vivo evidence for the proposed 
regulation of bFGF sense mRNA stability by the antisense 
transcripts (Kimelman & Kirschner, 1989). 

The alternatively spliced chicken embryonic bFGF tran-
scripts encode an isoform (alt-bFGF) with a novel amino-
terminal domain. Experiments using in vitro translated pro-
tein reveal an altered affinity of alt-bFGF for heparin. These 
results suggest specific roles for alt-bFGF and we are cur-
rently raising specific antisera to study this novel embryonic 
isoform. The canonical bFGF transcript was found to en-
code three different bFGF isoforms. The smallest 18.5 kDa 
isoform is translated from the AUG initiation codon whereas 

two larger isoforms (20 and 21.5 kDa) initiate from upstream 
in frame CUG codons. All three isoforms are co-expressed 
with the 21.5 kDa isoform being most abundant. 

Specific nuclear translocation of bFGF 
during kidney morphogenesis 

We have raised an antiserum which recognizes the three 
isoforms encoded by the canonical chicken bFGF transcript. 
Analysis of their expression pattern reveals bFGF proteins 
in several developing structures. In addition to the previ-
ously described localization in the developing brain, neural 
tube, heart and muscle, we observe expression in several 
other structures including limb buds and kidney rudiments. 
bFGF is initially expressed in the ducts and tubules of 
the newly formed pronephros and expression persists in 
meso- and metanephros. As in all other embryonic cell-
types, bFGF proteins are localized in the cytoplasm and/or 
extra-cellular matrix of the epithelial cells. A drastic change 
in sub-cellular localization is however observed in the ep-
ithelial compartment of the forming glomeruli, where bFGF 
is predominantly found in the nuclei of the differentiating 
podocytes. In the adult kidney, these post-mitotic and ex-
tremely specialized cells form the epithelial compartment 
of the glomerular filtration unit. The observed nuclear lo-
calization of bFGF during podocyte differentiation is main-
tained during later kidney morphogenesis and persists into 
adult hood. This is the first identification of specialized, 
functional cells accumulating bFGF in their nuclei during 
morphogenesis. The observed nuclear localization should 
be functionally very important, because studies using cul-
tured cells have already implicated nuclear bFGF protein 
in the regulation of ribosomal gene activity (Baldin et. ai, 
1990). We have established an in vitro culturing system 
for kidney rudiments (Saxen, 1987), which should allow us 
to study the sub-cellular localization and functional roles 
of the different bFGF isoforms during kidney morphogen-
esis. 
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Are Ld proteins novel regulators of 
embryonic gene expression? 

We have previously shown that a 180 kDa Ld protein is 
expressed in nuclei of specific cell-types during pattern 
formation (Trumpp et al., 1992). Their temporal and spatial 
expression pattern together with establishment of the mutant 
Id phenotype (Zeller et. aI, 1989) suggested roles during 
limb, kidney and probably neural tube morphogenesis. We 
are using experimental manipulation of embryos together 
with retrovirus mediated alteration of the Ld expression 
pattern to further analyse the developmental processes in 
which the Ld proteins are involved. 

The primary amino-acid sequence reveals a high degree 
of evolutionary conservation of the chicken and murine 
(Jackson-Grusby et al., 1992) Ld proteins, but does not 
provide any hints to their possible functions. The carboxy-
terminal domain is basic and highest conserved between 
the two species, suggesting its functional importance. The 
amino-terminal domain however is acidic and least con-
served. This domain is furthermore alternatively spliced (e.g. 
Jackson-Grusby et. aI, 1992). These observations together 
with the nuclear localization led us to speculate that the 
basic carboxy-terminal domain interacts with DNA whereas 
the acidic amino-terminal domain interacts with other pro-
teins. An extensive biochemical analysis has been initiated 
to test if the Ld proteins are part of a DNA-binding protein 
complex. 

A novel antiserum raised against the acidic domain is 
used for analysis together with the previously character-
ized antiserum specific for the basic domain (Trumpp et. 
aI, 1992). Fractionation of embryonic cells confirmed the 
predominantly nuclear localization of the 180 kDa Ld pro-
tein and revealed that they are poly(ADP)-ribosylated. This 
post-translational modification is found on nuclear proteins, 
some of which might be involved in regulation of chro-
matin structure (Nisho et. aI, 1983). Interestingly, the Ld 
proteins elute from isolated nuclei at salt concentrations 
characteristic for transcription factors and have affinity for 
double-stranded DNA-cellulose. These findings prompted 
us to use the Pollock & Treisman (1990) technique to 
attempt isolation of specific DNA-binding consensus sites for 
the chicken Ld protein. This analysis is currently in progress. 
We have furthermore obtained preliminary evidence that the 
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Ld proteins are part of a complex with DNA-binding affinity. 
We are attempting to purify the Ld protein complex in a 
native configuration form nuclear extracts. 

The biochemical approach to study the molecular function of 
a protein is ideally complemented by a genetic one. Prob-
ably the genetically best studied developmental system is 
Drosophila melanogaster (D.mel.). The antiserum directed 
against the evolutionary conserved carboxy-terminal domain 
cross-reacts with the murine Ld proteins and we have 
detected an apparently closely related protein in nuclear 
extracts of D.mel. embryos. We are attempting to isolate 
the D.mel. homolog to combine biochemical and genetic 
approaches in the analysis of this novel type of nuclear 
proteins. 
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Eukaryotic cell cycle control 

Group leader: G. Draetta 
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Assistant: M. Stein 

Since the discovery that the human cyclin A gene is the 
site of integration of hepatitis B virus in a hepatocellular 
carcinoma and that cyclin D1 is over-expressed in a number 
of human tumours and induces breast tumours in trans-
genic mice, it has become clear that cell-cycle regulatory 
molecules can play an active role in the pathogenesis of 
cancer. Our group focuses on the biochemical regulation of 
cell-cycle regulatory molecules in both normal and cancer-
ous tissues. 

Cyclin A kinases in human cells 
(M. Pagano) 

Human cyclin A was originally discovered as a protein 
associated with both cdc2 and the adenovirus E1A nuclear 
oncogene product (Giordano et al., 1989). The role played 
by this protein in oncogenesis is still unclear although it 
has been shown that E1 A mutants lacking the cyclin A 
binding sequences are unable to transform cells (Giordano 
et al., 1991). We were interested in assessing whether cyclin 
A was required for DNA synthesis in human fibroblasts. 
Using affinity-purified cyclin A antibodies we found that 
cells microinjected with cyclin A antibodies were unable to 
enter S-phase. In addition cells injected in G2 could not 
enter mitosis. This dual role of cyclin A in the cell cycle 
is supported by the finding that this cyclin associates with 
two distinct catalytic subunits, cdc2 and cdk2 (Giordano et 
al., 1989; Tsai et al., 1991; Pines & Hunter, 1990). We 
have now shown that cdk2 antibody and antisense plasmid 
microinjections lead to inhibition of the S-phase, while anti-
cdc2 antibodies only prevent entry into mitosis (Pagano et 
al., 1993; Riabowol et al., 1989). 

Cdk2 forms complexes with E2F: a cellular 
regulator of genes involved in proliferation 
control (M. Pagano) 

In collaboration with P. Jansen-Duerr (DKFZ, Heidelberg) 
we have shown that the cdk2-cyclin A complex is associ-

ated with E2F, a transcriptional activator of several genes 
involved in proliferation. Similar findings have been reported 
by others (Cao et al., 1992; Faha et al., 1992). E2F is 
bound to pRB, the product of the retinoblastoma tumour 
suppressor gene, in quiescent cells. pRb phosphorylation 
leads to its dissociation from E2F. The E2F-bound cdk2 
is active and it probably phosphorylates some component 
of the E2F complex. The role played by cdk2/cyclin A in 
regulating these interactions is presently under investigation 
by a number of laboratories. 

Cyclin 01 
(V. Baldin, M. Marcote, J. Lukas & M. Pagano) 

Cyclin D1 was discovered as the product of a gene which 
is translated late in G1 in response to CSF-1 stimulation of 
quiescent mouse macrophages. A complex of cyclin D1 with 
a novel cdc2-like catalytic subunit, cdk4 (previously known 
as PSK-J3) phosphorylates the pRb and p107 proteins in 
vitro suggesting that the cyclin D-associated kinases allow 
progression though G1 by phosphorylating and inactivating 
negative regulators of growth. 

We studied cyclin D1 in normal human fibroblasts. Upon 
serum addition to quiescent cells, cyclin D1 accumulated 
and reached a maximum in G1. The protein was localized 
to the nucleus and disappeared from the cell as cells entered 
S-phase. Microinjection of cyclin D1 antibodies or antisense 
plasmid completely prevented entry into S-phase demon-
strating that cyclin D1 is required for cell cycle progression. 
Cyclin D1 was over-expressed in a substantial fraction of 
tumour cell-lines. It was found that of all breast carci-
nomas over-express cyclin D1. In tumour lines that express 
cyclin D1, microinjection of cyclin D1 antibodies prevented 
entry into S-phase, demonstrating that in those cells, the 
expression of cyclin D1 is responsible for driving cell cycle 
progression, and suggesting that over-expression of cyclin 
D1 in an uncontrolled manner confers a growth-advantage 
to the cell. 
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PLATE 16 

A model for the self-amplification of MPF 

Inactive cdc2-cyclin B requires dephosphorylation on Tyr15 
of cdc2 to be active. In G2, an initiating step leads to the 
activation of a small amount of cdc2-cyclin B. This kinase then 
phosphorylates cdc25, thus creating a positive feedback loop 
and leading to entry into mitosis. 

Cdc25 phosphatase: self-amplification of 
maturation-promoting factor (MPF) (I. Hoffmann) 

The cdc25 phosphatase is responsible for dephosphory-
lating and activating cdc2-cyclin B before mitosis. In col-
laboration with Paul Clarke and Eric Karsenti, we found 
that cdc25-C a human homologue of the Spombe cdc25, 
is phosphorylated and activated during mitosis. We also 
found that cdc25-C is a specific substrate of the cdc2-cyclin 
B kinase. cdc25-C is poorly active in dephosphorylating 
cdc2, unless phosphorylated. We propose that cdc25-C 
participates in the process leading to the rapid activation 
of cdc2-cyclin B (MPF) at mitosis (Plate 16). 

PLATE 17 

Ribbon diagram of a cdc2 model 

The two major phosphorylation sites in cdc2, Tyr15 
and Thr161, are circled and designated with a star. 
Essential residues that are conserved throughout the 
protein kinase family are indicated with solid circles. The 
residues involved in cyclin-binding are shown as shaded 
circles, those involved in suc1 binding are shown as 
open circles. 
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Structure-function relationships of the 
cyclin-dependent kinases (M. Marcote & G. Basi) 

In collaboration with Susan Taylor's group (University of 
California, San Diego) we built a model of cdc2 (Plate 17) 
based on the crystallographic coordinates of the cyclic 
AMP-dependent protein kinase. We then mapped the pre-
viously identified (Ducommun et al., 1991 a; Ducommun et 
al., 1991 b) cyclin A and suc1 binding sites onto the surface 
of cdc2. Interestingly, the cyclin A mutations are localized 
primarily to the amino terminal, small lobe of cdc2, and 
encompass a region which is unique to the cyclin-dependent 
kinases, and include the 16 amino-acid peptide PSTAIRE. 

t> 
Insert (25) 



Suc1 seems to bind to two distinct regions on the cdc2 
molecule and might play a role in stabilizing its structure. 
The cdc2 model provides a basis for understanding how the 
various surfaces of the protein interact with different proteins 
and how phosphorylation affects the cdc2 function. 

Using a variety of mutagenesis approaches we have identi-
fied some point mutations in suc1 that inactivate the protein 
in vivo. In vitro, these proteins fail to bind cdc2. We are 
presently characterizing these mutant proteins further. 

Interaction between the Src and Csk protein 
tyrosine kinases in S.pombe (G. Superti-Furga) 

In collaboration with Stefano Fumagalli, Manfred Koegl and 
Sara Courtneidge, we started to investigate the role of 
the Src homology-2 (SH2) and the Src homology-3 (SH3) 
domains of the cSrc protein tyrosine kinase on the negative 
regulation exerted by the phosphorylation of the carboxy 
terminal domain of cSrc. These studies are being conducted 
in the yeast S.pombe. S.pombe offers the ideal genetic 
background for studying Src function. This organism is 
rapidly killed upon induction of cSrc expression, yet it does 
not contain any of the proteins that are known to interact with 
Src in the animal cells. We found that the cell death caused 
by cSrc in S.pombe cells could be effectively inhibited by 
inducing the simultaneous expression of the Csk protein 
tyrosine kinase. Csk functions by phosphorylating cSrc on 
the negative regulatory site Y527. 

We have dissected the molecular interaction involved in 
the inhibitory phosphorylation at Y527. We found that Src 
molecules mutating either the SH2 or the SH3 domain 
were insensitive to Csk, even though they were still Csk 
substrates in vivo. A detailed molecular analysis showed 
that the interaction between the SH2 domain of cSrc with 
its own carboxy terminal tail is crucial for the inhibitory 
effect caused by Y527 phosphorylation. In addition the SH3 
domain appears to be required for the maintenance of 
the interaction between the Y527 region and SH2 domain 
(Superti-Furga et al., 1993). 
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Pattern formation and neuron specification in the Drosophila eye 

Group leader: M. Mlodzik 

Fellows: G. 8egemann, V. Wiersdorff*, M. Zeidler 

Visitors: M. Rojewski*, M. Young* 

Assistants: A.-M. Michon*, U. Weber 

Generation of neuronal diversity is a major unsolved prob-
lem of developmental biology. To study the molecular inter-
actions and mechanisms that lead to neuron specification 
and differentiation we are using Drosophila, in particular 
its compound eye, as a model system. Cell fates in the 
developing Drosophila eye are not determined by lineage, 
but rather exclusively by local interactions among neigh-
bouring cells. Due to its repetitive structure of 800 identical 
units, or ommatidia, each comprising 20 cells that can be 
identified at all developmental stages, the compound eye 
provides a unique system to study cell-cell interactions and 
differentiation at single cell level. 

The assembly of ommatidial units can be subdivided into two 
distinct features. First, the founder cell, the R8 precursor, 
has to be specified for each unit. The regular spacing of om-
matidia in the mature eye is a direct consequence of the pre-
cise array of R8 precursors in the developing imaginal disc 
that is at least in part generated by mechanisms of lateral 
inhibition. Second, each of the ommatidial units is assem-
bled around an R8 precursor, by a stereotyped sequence 
of inductive events. The induction of photo receptors and 
accessory cells involves local cell-cell interactiohs that lead 
to the activation of specific signal transduction pathways and 
genes specifying the determination and differentiation of the 
respective cell types. R8 recruits its neighbouring cells to 
form a precluster including 4 of the other photo receptors 
(R-cells), then additional cycles of induction follow to give 
rise to the full complement of 8 R-cells and 12 non-neuronal 
accessory cells, such as the lens secreting cone cells and 
the pigment cells. Both aspects of ommatidial assembly are 
studied in the laboratory. 

The scabrous gene and its function during 
the generation of the R8 spacing pattern 

Scabrous (sea) has been identified as a gene required for 
the restriction of the correct number of R8 founder cells 
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(and also other neural precursor cells). In sea mutants 
the ommatidial preclusters are irregularly and too closely 
spaced. Due to its expression pattern, and genetic and 
molecular features, sea codes for a secreted protein and is 
required in R8, it is likely to be an inhibitory signal released 
by differentiating R8 cells and other neural precursors to 
prevent their neighbours from adopting the same cell fate. 
Sea is first expressed in regularly spaced cell clusters and 
as development proceeds one cell in each group begins to 
express sea at higher levels, whilst levels in surrounding 
cells are lowered. Eventually, only one cell, the R8 precur-
sor, expresses sea (Mlodzik et a/., 1990; Baker et a/., 1990). 
A systematic analysis of the sea cis-acting elements is being 
conducted and results obtained so far suggest a complex 
arrangement of several independent enhancer sequences 
that are required in different cells at different times during 
development. 

To investigate the significance of the restriction of sea ex-
pression to neural precursors we have ectopically expressed 
sea using the rough or hairy enhancer sequences. In both 
cases sea is expressed in all or most cells in or just ahead 
of the morphogenetic furrow (MF), the region of the eye 
imaginal disc in which the spacing pattern is generated sep-
arating undifferentiated cells from the ommatidial preclus-
ters. Both transgenes cause a disruption of R8 spacing 
leading to exteriorly rough eyes. A detailed analysis of 
these flies indicates that uniformly expressed Sca from the 
exogenous enhancers appears to interfere with endogenous 
sea expression causing its reduction ahead of the region of 
indiscriminate expression. Thus, these results suggest that 
sea expression is self regulating via a signalling mechanism. 
Moreover, the phenotypes induced by ectopic expression 
appear to be dosage-sensitive such as higher levels, e.g. 
copy numbers of the transgene(s), cause stronger effects. 
This feature of a sensitized system is being explored in a 
genetic screen for second site modifiers to isolate genes 
that interact with sea in the formation of neural precursor 
cells. 



The role of the seven-up (svp) gene 
during photoreceptor specification 

Seven-up (svp) is required for the development of 4 of 
the 6 outer photoreceptors, R1/6 and R3/4. Svp encodes 
a steroid receptor homologue with a yet unidentified ligand 
and is expressed only in the 4 outer R-cells that require 
its function (Mlodzik et al., 1990). Ectopically expressed svp 
disrupts the development of any of the other photoreceptors 
or the non-neuronal cone cells. Depending on the cell type 
and developmental time of ectopic expression it causes 
fewer or more photo receptors to develop than in a wild-type 
ommatidium and interferes with the cell-cell interactions 
that normally determine cell fate (in collaboration with Yash 
Hiromi & Steve West, Princeton University). For example, 
in flies carrying the sevE-svp transgene Svp is ectopically 
expressed in R7 and the cone cells. This leads to a rough 
eye phenotype due to the presence of supernumerary pho-
toreceptors. Using this dosage-dependent phenotype we 
are performing a screen to identify genes that interact with 
svp genetically during photoreceptor specification. 

An analysis of the different Svp isoforms and domains is 
being conducted with in vitro generated mutations. The 
mutated isoforms were reintroduced into flies and assayed 
in vivo for normal or altered svp function. These experiments 
identified parts of the putative ligand binding/dimerization 
domain and the DNA binding activity as essential for svp 
function. Moreover, a combination of different eye-specific 
enhancers and the in vitro mutated svp isoforms was used 
to generate transgenic flies. Several of these constructs 
led to dominant phenotypes. Their analysis in wild-type and 
different mutant strains revealed that svp interacts geneti-
cally with the Ras-mediated signal transduction pathway and 
defined its position in the genetic hierarchy specifying outer 
photo receptors. 

Functional conservation of vertebrate svp-related 
genes in neurogenesis and eye development 

In collaboration with Anders Fjose (Bergen, Norway) we 
have isolated and characterized several zebrafish members 
of the svp-subfamily of nuclear receptors. All these proteins 
contain highly conserved DNA and putative ligand binding 
domains (80-94% identical). Analysis of the spatial distribu-
tion of their transcripts during zebrafish embryogenesis re-
vealed that distinct areas of the eye rudiments and the CNS 
are major sites of their expression. Moreover, their expres-
sion domains overlap with the expression of retinoid binding 
proteins, RARs and CRABPs, and Svp-like proteins have a 
known potential to modulate the transcriptional activation by 
RARs/RXRs. Thus, these results implicate their involvement 
in the complex network responsible for the interpretation of 
retinoid signals during vertebrate development. 

"Two hybrid-system" screen for proteins 
directly interacting with Svp and Sca 

To identify genes that can physically associate with the Svp 
or Sca proteins, the yeast "two hybrid-system" procedure 
has been established (Fields & Song, 1989). Different do-
mains of Svp and Sca have been tested for their suitability 
in this system using components kindly provided by Russ 
Finley and Roger Brent (Medical School, Boston). The Svp-
type1 isoform is now being employed in a screen with an 
acid fusion library from 0-12 h Drosophila embryos. Specific 
known genes that could interact with Svp or Sca are tested 
directly as well as the ability of the different Svp-isoforms to 
form homo- and/or heterodimers. 

Analysis of other enhancer trap lines 
expressed during eye development 

Several enhancer trap lines with interesting expression pat-
terns during ommatidial assembly and the corresponding 
genes are being investigated. At least one of these lines, 
F112, appears to be required in a subset of outer pho-
toreceptors. Moreover, its expression pattern is overlapping 
with the one of svp and the expression and phenotype of 
F112 are consistent with the idea that F112 is required 
downstream of svp in the same cell type. A second line 
F125 appears to be expressed in all cells in the MF and the 
corresponding transcription unit is expressed in probably all 
cells in the developing part of the eye disc. Deletions of 
F125 are embryonic lethal and mutant clones in the eye 
show either disrupted ommatidia or are absent completely. 
The molecular analysis of both genes is in progress. 

Publications during the year 
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Germ plasm assembly and germline determination 

Group leader: A. Ephrussi* 

Fellows: W. Breitwieser*, F.-H. Markussen*, L. Olsen* 

Visitor: A. Guichet* 

Assistants: E. McLeod*, A.-M. Michon* 

Essential to the survival of any species is the setting aside 
of a group of cells which will remain fully alive genetically, 
and will transmit all of the information of the organism to the 
next generation. In a wide variety of organisms, primordial 
germ cells become determined very early in embryogenesis, 
under the influence of factors segregated within a region 
of the egg cytoplasm, the germ plasm. Germ plasm and 
associated organelles, such as polar granules, have been 
described in a wide variety of organisms, but the relationship 
between these and the commitment of cells to the germ cell 
lineage remains unknown. The nature of the determinants 
of the germ line has until now remained elusive. 

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

Transplantation experiments revealed that germ plasm 
transplanted to ectopic positions within the egg can induce 
formation of germ cells at the ectopic site. Interestingly, in 
addition to germ cells, abdominal cuticular structures are 
also induced, demonstrating that the Drosophila germ plasm 
contains not only the determinants of the germ line, but also 
of the abdomen. The abdominal defects associated with the 
failure to form a proper germ plasm allowed the identification 
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of eight genes required for its synthesis and induction of 
the germ line. These so-called "posterior group" genes, 
cappuccino, spire, staufen, oskar, vasa, tudor, valois, and 
mago-nashi, have been characterized genetically, and most 
have functions in other aspects of Drosophila development. 
Because of its strict function in germ plasm formation, 
we cloned and characterized oskar. Three others, staufen, 
vasa, and tudor have also been cloned, and examination of 
the distributions of all of these products during development 
has revealed that their products are enriched at the posterior 
pole of the oocyte and embryo. By examining the effect 
of mutation of each of the posterior group genes on the 
localization of the characterized components to the posterior 
of oocytes and embryos, a pathway for the assembly of 
the Drosophila germ plasm has been established (Ephrussi 
et al., 1991). Overall, germ plasm assembly is a stepwise 
process, but continued interaction between several of its 
components is required for maintenance of the integrity 
of this specialized cytoplasm at the posterior pole. In this 
pathway, the product of the gene oskar is unique among 
germ plasm components in that the RNA of oskar is first 
localized to the posterior pole of the oocyte, rather than the 
protein. Because of its position in the hierarchy of predicted 
interactions, we proposed that oskar is a central gene 
in germ plasm assembly and localization of morphogenic 
determinants. 

Oskar assembles the germ plasm and 
induces germ cell formation 

In recent experiments we have tested the true importance 
of oskar directly, by asking whether oskar is sufficient to 
recruit other components of the germ plasm. We varied 
the number of copies of the oskar gene in females and 
have demonstrated that indeed there exists a direct relation 
between the dosage of the oskar gene, the amount of pole 
plasm assembled, and the number of germ cells formed 



at the posterior pole. Further, having determined that the 
signals in the oskar RNA that mediate its localization to the 
posterior lie in its 3' untranslated region (3'UTR), we have 
shown that when oskar RNA is misdirected to the anterior 
of the embryo with the 3'UTR of the anterior morphogen 
bicoid, a secondary abdomen of reverse polarity develops 
at the anterior. Most spectacular however is the formation of 
functional germ cells at the anterior pole of these embryos. 
Using antibody and nucleic acid probes, we have confirmed 
molecularly that ectopically localized oskar is sufficient to 
recruit other known germ plasm components. With oskar 
mislocalized to the anterior, having circumvented the con-
straints of transport and localization of components to the 
posterior pole, we have established which of the previously 
identified germ plasm genes are required for germ cell 
formation per se. 

Testing predicted interactions and identifying 
new molecules that interact with Oskar and 
Vasa using a genetic assay in yeast 

The pathway for germ plasm assembly that we proposed 
suggests that certain of its components may interact di-
rectly. We are employing a genetic screen in yeast to test 
some of the predicted interactions and to identify other 
molecules that participate in assembly of this plasm. In this 
assay developed by R. Brent and colleagues at Harvard, 
two proteins whose possible interaction is being tested are 
fused, one to the DNA binding protein LexA, the other to a 
strong transcription activator domain, B42. Any successful 
interaction between the two test proteins, for example Oskar 
and Vasa, will serve as a bridge between the DNA binding 
LexA and the activator B42, resulting in the expression of 
either a visible or of a selectable marker. We are using this 
assay in conjunction with cDNA fusion libraries to B42 to 
select for any additional genes whose products interact with 
Oskar and are components of the germ plasm. 

Functional dissection of Oskar protein 

Mislocalization of oskar RNA and protein to the anterior of 
the embryo results in recruitment of the abdominal signal 
nanos and presumably of the hypothesized germ line deter-
minants to the anterior, such that an ectopic abdomen and 
ectopic germ cells form at the anterior. Using mislocalization 
to the anterior via the bicoid 3'UTR as an assay, we are 
currently determining those portions of Oskar that are crucial 
for abdomen and for germ cell formation. 

Biochemical analysis of the protein and 
RNA components of the germ plasm 

Past attempts to purify germ plasm and the organelles which 
typify it, polar granules, have been arduous and disap-
pointingly unrewarding, rendered particularly difficult by the 
paucity of markers with which to monitor its integrity through 
fractionations. At present, with the increasing number of 
characterized germ plasm gene products, a biochemical 
approach to the germ plasm should be straightforward. 
We are currently raising antibodies against all of the germ 
plasm gene products cloned to date, with the goal of us-
ing these sera, as well as nucleic acid probes (for those 
products which are localized in the posterior pole plasm 
as RNAs), to m::>nitor purifications of polar granules and 
germ plasm-specific RNA and protein complexes. These 
same reagents should prove useful to determine interac-
tions between components in the complexes and to isolate 
previously unidentified proteins and RNAs, including germ 
line determinants. 

Homologues of oskar in invertebrates 
and vertebrates 

Germ plasm is a specialized cytoplasm found in a wide 
variety of organisms throughout the animal kingdom. In spite 
of many years of descriptive and experimental studies, very 
little is known about germ plasm and about the determi-
nants of the germ line in any organism. The sequence 
of oskar has revealed no homology to any other gene 
to date. As a first step towards identifying germ plasm 
components in a variety of species, we have isolated oskar 
from Drosophila virilis. Based on the sequence conservation 
between melanogaster and virilis oskar, as well as on the 
positions of mutations deleterious to Oskar function, we are 
attempting to isolate the oskar homologues from a variety 
of invertebrate and vertebrate species. 

Publication during the year 

Ephrussi, A. & Lehmann, R. (1992). Induction of germ cell 
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Biological Structures and Biocomputing Programme 

Introduction 

The members of the Biological Structures and Biocomputing 
Programme represent the most diverse group of scientists 
in the Laboratory in terms of techniques and systems. We 
share a common belief that knowlege of three-dimensional 
structures is the key to understanding biological complexity. 

The past year has been an exciting one in the Programme. 
Three groups focusing on the use of NMR for the solution of 
protein structure have been established. A labelling facility 
has also been set up for providing C13 and N15 labelled 
material for scientists using NMR throughout Europe. 

Among the accomplishments in the Programme are the 
solution of a number of important structures. Insight into 
signal transduction comes from the structures of the SH3 
domains from fyn and spectrin which were solved by X-ray 
crystallography. An atypical homeodomain has also been 
solved indicating a way in which this well-known structure 
can be altered to achieve new functions. Another DNA-
binding protein, the single-strand DNA-binding protein from 
adenovirus has also been completed and cocrystals with 
DNA obtained. 
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Two projects have shown the power of combining sep-
arate structural techniques. Aerolysin, a pore-forming 
protein, has been solved by X-ray crystallography to 
high resolution as a dimer and the structure is be-
ing compared to one obtained by electron microscopy 
for membraneous tubes formed by the protein. The 
orientation of the adenovirus hexon in the virion has 
also been determined by combining X-ray crystallo-
graphic data with a three-dimensional structure of the 
whole virion which was obtained by cryo-electron mi-
croscopy. 

Finally, one project in the Programme has yielded an un-
expected but very useful diagnostic tool. A long effort has 
been directed toward determining the sequence of the do-
mains of titin, a large (Mr rv3000 kDa) protein of mus-
cle, as part of an effort to understand sarcomere struc-
ture. Recent work has shown that auto-antibodies to the 
main immunogenic region of this are a sensitive marker 
for the presence of thymoma in myasthenia gravis pa-
tients. 



Structure of DNA-binding and membrane proteins 

Group leader: D. Tsernoglou 

Scientist: G. Pal 

Fellows: J. John, M. Sagermann, I. Vetter 

Visitors: C. Kavounis*, U. LangO, V. Nastopoulos* 

Assistant: E. Penka 

Colicins 

The structure of colicin N was solved (Plate 18). The so-
lution required isomorphous derivatives (six were used) as 
molecular replacement based on the colicin A structure was 
unsuccessful, probably due to the high symmetry of the 

PLATE 18 

Colicin N. 

cubic colicin N crystals. The structure is being refined at 
3.1 A resolution (currently R=O.22). Colicin N consists of 385 
amino-acids. The material set-up for crystallization lacked 
the first 64 amino-acids. The pore-forming domain is very 
similar to the corresponding part of colicin A. The additional 
part consists of a single domain, which by analogy to other 

PLATE 19 

A model of colicin N bound to the porin trimer. 
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PLATE 20 

Aerolysin monomer. 

colicins is presumed to be the receptor binding domain, 
though direct experimental evidence about the exact limits 
of the functional domains is still lacking. The receptor for 
colicin N is known to be porin in the outer membrane of 
E. coli, whereas the colicin pore is formed in the inner 
membrane. Some communication between the two domains 
is thought to exist, as shown by the effect of trypsin, whose 
addition to the outside destroys an already formed pore. The 
connection between the two membranes could be the last 
helix of the "receptor binding domain" together with the first 
two helices of the "pore-forming domain" which. are known 
to have no direct involvement in pore formation. A model 
based on these ideas is shown in Plate 19. Here the pore 
is depicted as a trimer, although some experiments support 
a monomeric pore. 

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

The structure was solved to 2.8 A resolution (Plate 20). 
It appears that dimer formation (Plate 21) is important in 
preventing activation by proteolytic cleavage of the last 43 
amino-acids (Van der Goot et a/., 1992). In collaboration with 
Kevin Leonard's group we have attempted to fit the aerolysin 
structure to the electron microscopic results (Plates 22 and 
23). 
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PLATE 21 

Aerolysin dimer. 

a-toxin 
(with S. Bhakdi, University of Mainz) 

As reported last year, we have crystals of this toxin with a 
putative hexamer (the pore?) in the asymmetric unit. We 
are still looking for isomorphous heavy atom derivatives. 
This task is especially difficult, as the crystals crack upon 
transfer to other solutions. 

Other work 

The structure of the DNA binding protein of adenovirus 5 
was solved. This work was done in collaboration with P. 
van der Vliet of Utrecht. For more details please see report 
of Paul Tucker. Similarly the study of EcoRV endonucle-
ase with and without DNA was completed and written up 
for publication (collaboration with F. Winkler, Hoffman La 
Roche, Basel). A series of ROP mutants (collaboration with 
M. Kokkinidis, Crete) and the p13 inhibitor of cdc2 kinase 
are also under study (see reports by Chris Sander and Giulio 
Draetta). Similarly we have studied the effect of the addition 
of various peptides and nucleotides on crystallization of 
GroEL (collaboration with C. Georgopoulos, Geneva). Our 
best crystals (Plate 24) diffract to about 3.5 A. The structure 
of the complex of a proteinase with this inhibitor (pK + PKI3) 
has been solved and is currently being refined. 



PLATE 22 

Aerolysin pore viewed from above. 

PLATE 23 

Side view of aerolysin pore. 
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PLATE 24 

Crystals of GroEL. The largest dimension is about 2 mm. 
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Structural studies of DNA-binding proteins and actin mutants 

Group leader: D. Suck 

Scientist: T. Ceska 

Fellows: I. Brukner, R. Dominguez, V. Nwosu, U. Sauer, G. Stier, S.A. Weston, E. Wolf 

Visitors: S. Thullner, P. WOst 0 

Assistant: M. Lamers 

The major focus of our research is the study of the structural 
basis of protein-DNA interactions. In addition we are study-
ing non-polymerizing actin mutants and their interaction with 
actin-binding proteins. The principal experimental technique 
we are using is single crystal X-ray crystallography. Since 
the availability of milligram quantities of pure, soluble pro-
teins is a prerequisite for crystallographic studies, we are 
devoting a substantial proportion of our resources to the de-
velopment of efficient expression and purification systems. 

Mutational analysis of DNase I-DNA interactions 

Bovine pancreatic deoxyribonuclease I (DNase I) is an 
unspecific endonuclease, which however shows a strong 
sequence-dependence of its cutting rate. We are investigat-
ing the basis of this sequence selectivity by determining the 
three-dimensional structures of DNA complexes of wild-type 
and mutant enzymes. The high resolution structures of two 
DNase I-DNA complexes (Lahm & Suck, 1991; Weston 
et al., 1992) have shown that DNase I binding induces a 
widening of the minor groove of the DNA and a bending 
towards the major groove, suggesting in agreement with 
biochemical data that minor groove geometry and flexibility 
are important helical parameters determining the enzymes 
cutting rates. In collaboration with B. Connolly (University of 
Newcastle) single site mutants of DNase I including Y76A 
and H 134Q have been studied to probe the importance 
of certain residues for DNA binding and catalysis (Doherty 
et al., 1991; Weston & Suck, submitted). We are currently 
characterizing a number of insertion mutants which were 
designed to provide additional contacts in either the major 

or minor groove of DNA and are expected to affect the 
enzymes selectivity. Residues were inserted at position 72, 
i.e. in the minor groove binding loop of DNase I, and next 
to residues 138 and 173 in two loops located opposite the 
major groove of DNA in the DNase I-DNA complexes. Using 
either pKK223 or pDOC55 expression vectors the insertion 
mutants were expressed in Ecoli with a six-residue histidine 
tag attached to the N-termini to allow for easy purification 
with a nickel-chelating agarose column. By comparing re-
combinant wt DNase I with and without His-tag it was shown 
that the N-terminal histidines neither influence the enzyme's 
activity nor its cleavage pattern. All mutants had reduced 
activity ranging from 0.3% to <0.1 % of wild-type DNase I. To 
analyse the sequence-dependence of the mutants various 
5' -labelled DNA fragments were digested for different times 
and the resulting cleavage patterns analysed by separating 
the digestion products on denaturing polyacrylamide gels. 
Some of the mutants, for example mutant 72 which con-
tains an 18-residue insertion taken from the ,8-arm of Ecoli 
integration host factor thought to bind in the minor groove 
of DNA, exhibit an essentially unchanged cleavage pattern, 
while others, in particular mutants containing insertions in 
more than one loop, show drastically changed digestion 
patterns and an apparently strongly enhanced selectivity 
(Plate 25). We are currently analysing in more detail the 
sequences preferentially cut by these mutants and are also 
using a 4 kb circular or linearized plasmid DNA for further 
characterization. A thorough understanding of the properties 
of these mutants requires crystallographic analysis of the 
proteins and their DNA complexes and we are therefore 
developing large scale expression and purification systems 
for the non-his-tagged versions of the mutants. 
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PLATE 25 

Cleavage pattern of DNase I insertion mutants. A 
270 bp DNase I gene fragment was digested for the 
times indicated and separated on a 10% polyacry-
lamide gel. 

Lane 1: Maxam-Gilbert G-reaction; 
lane 2: wt-DNase I, 5 min; 
lane 3: a-c, mutant 72/138; 
lane 4: a-c, mutant 72/173; 
lane 5: a-c, mutant 138/173; 
lane 6: a-c, mutant 72/138/173. 
(mutants are referred to by the position of the inser-
tions). 



PLATE 26 

(A) Superposition of the Ca-traces of the LFB1 (thick), engrailed 
(medium). and the MAT a2 (thin) homeodomains. 

(A) 

(B) 

Three-dimensional structure of the 
atypical homeodomain of LFB1/HNF1 
(with P. Monaci, A. Nicosia & R. Cortese) 

The transcription factor LFB 1 IHNF1 from rat liver nuclei is a 
628 amino-acid protein that functions as a dimer binding to 
the inverted palindrome GTTAATNATTAAC consensus site. 
The DNA binding region of LFB1 compriSing the N-terminal 
281 residues of the protein consists of three structurally and 
functionally distinct domains: a 32 amino-acid dimerization 
domain which resembles sequences in the myosin heavy 
chain and appears to be folded into two helical segments 
preceded by an extended chain segment, a region related 
to the POU-specific A-box, and a homeodomain that is 21 
residues larger than classical homeodomains. The latter two 
domains are necessary and sufficient for specific recog-
nition, while the dimerization domain increases the DNA 

(B) Proposed model of the interaction of the LFB1 homeodomain 
with DNA. The TAAT core recognition sequence is highlighted. 

binding affinity. We have crystallized a 99 residue protein 
containing the homeodomain portion of LFB1, and solved 
its structure using X-ray diffraction data to 2.8 A resolution. 
The topology and orientation of the helices is essentially 
the same as that found in other known homeodomains 
(Plate 26A). The 21 residue insertion results in an extension 
of helix 2 and consequent lengthening of the connecting 
loop between helix 2 and helix 3. Comparison with the 
eng railed homeodomain/DNA complex indicates that the 
mode of interaction with DNA is similar in both proteins, with 
a number of conserved contacts in the major groove (Plate 
26B). The extra 21 residues of the LFB1 homeodomain are 
not involved in DNA binding. Finally, binding of the LFB1 
dimer to a B-DNA palindromic consensus sequence requires 
either a conformational change of the DNA (presumably 
bending), or a rearrangement of the subunits relative to the 
DNA. 
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Crystallographic study of human Max and N-Myc 

The Myc family of proteins has been implicated in cell 
cycle control, differentiation, apoptosis and the transition 
from normal to neoplastic cell growth (Blackwood et al., 
1992). The 18 kDa Max protein forms stable homodimers 
as well as Myc/Max heterodimers, which both bind to the 
same recognition sequence containing the CACGTG palin-
drome in a phosphorylation-dependent manner. It has been 
suggested that the relative concentrations of Myc and Max 
in the cell determine the equilibrium between Myc/Max 
and Max/Max dimers and thereby control the level of tran-
scription. The Myc/Max heterodimer activates transcription, 
while the Max homodimer, which lacks the transcriptional 
activation domain present in Myc, acts as a repressor. The 
DNA binding domain present in both proteins consists of a 
basic region (b), which is thought to interact with DNA, a 
helix-loop-helix (HLH) motif and in addition a leucine zipper 
(Z) motif, both of which are involved in dimerization. The 
bHLH-domain has been identified in numerous eukaryotic 
transcription factors and a few regulatory proteins have 
been shown to contain the combined bHLH-leucine zipper 
domain. While the three-dimensional structure of the ba-
sic leucine zipper protein GCN4 has been determined in 
the laboratory of Steve Harrison showing that it forms a 
parallel coiled-coil, no high resolution structural information 
is yet available for the bHLH or bHLH-Z proteins. Con-
tradictory model building studies and a preliminary NMR 
investigation suggest that the HLH motif is folded into ei-
ther a parallel or anti-parallel four-helix bundle. High res-
olution structural information is needed to understand the 
function and properties of this new class of DNA binding 
proteins. We have developed over-expression systems for 
human Max and the DNA binding domain of N-Myc (11 
kDa) and have recently succeeded in crystallizing Max 
in complex with DNA containing the CACGTG recognition 
site. The crystals have the shape of hexagonal prisms 
of typical dimensions 300 x 80 x 80 fL, space group P6122 
(or P6s22), a=b=1 08 A, c=128 A and diffract to at least 
2.7 A using synchrotron radiation. The diffraction however 
is relatively weak, so that intense synchrotron radiation is 
essential. We have recently collected a 2.8 A native data 
set using the X11 beam line at the EMBL Outstation in 
DESY. 

Myb-DNA interactions 
(with F. Lim & T. Graf) 

The viral myb oncogene (v-myb) and its cellular counter-
part (c-myb) encode tissue-specific transcriptional activators 
containing two or three imperfect repeats (R1, R2, R3) of 
a 51 to 52 amino-acid DNA-binding motif with structural 
homology to the homeodomain proteins. The transform-
ing v-Myb lacks most of the first repeat in accord with 
the observation that R1 is not involved in specific DNA 
contacts. A number of constructs containing the v-Myb 
and c-Myb DNA-binding domain with varying N-terminal 
ends were over-expressed in E.coli as soluble proteins. 
Cocrystallization experiments with oligonucleotides of vari-
able length containing the TAACGGTT consensus site of 
the mim-1 promoter yielded several crystal forms diffract-
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ing to beyond 3 A, but normally showing a large mosaic 
spread. The best crystals tested so far contain a 20mer 
duplex and belong to space group C2 with cell constants 
a=189 A, b=52 A, c=43 A and ,8=100 0

• Data were collected 
using the FAST and image plate area detectors in Hei-
delberg and also using 0.92 A synchrotron radiation at the 
Hamburg Outstation. Isomorphous crystals of similar qual-
ity as native were prepared by cocrystallization with an 
oligonucleotide containing a 5-iodouracil substituted for a 
thymine. 

Single-strand specific nucleases S1 and P1 

The zinc-dependent nucleases P1 from Penicillium citrinum 
and S1 from Aspergillus oryzae show a strong preference 
for single-stranded substrates and cleave DNA as well as 
RNA in an essentially unspecific reaction. The structure 
of P1 which was previously determined from tetragonal 
crystals at 2.8 A (Volbeda et al., 1991) has now been 
refined at 2.2 A using data from orthorhombic crystals 
(Lahm & Suck, in preparation). Soaking experiments with 
mono-thiophosphorylated nucleotides using the tetragonal 
crystals have so far revealed two mononucleotide bind-
ing sites, one at the active site and another one about 
20 A away. Co-crystallization with a dithiophosphorylated 
tetranucleotide (provided by O. Dahl, University of Copen-
hagen) has now yielded new tetragonal complex crystals 
(space group P4122, a=77.6A, c=157.1 A) diffracting to 
about 2.0 A, which will give us a detailed picture of the 
mode of binding of oligonucleotides to P1. The three-
dimensional structure of S1 was derived by comparative 
modelling based on the refined P1 structure. As expected 
for the close sequence homology - 50% identity with only 
a single residue deletion in S1 - the two proteins have 
nearly identical backbone conformations. An interesting dif-
ference between the two enzymes is the absence in S1 
of the second nucleotide binding site seen in P1. Electro-
static charge potential calculations show similar distributions 
for both enzymes at their respective pH optimum (5.3 for 
P1 and 4.2 for S1) with a large positive region around 
the active site zinc cluster. In agreement with biochemical 
data the charge potential strongly depends on the ionic 
strength of the solution suggesting that electrostatic inter-
actions will be important for the initial approach of the 
substrate. 

T5 5' ,3' -exonuclease 
(with J. Sayers & F. Eckstein) 

As already reported last year, a new crystal form of phage 
T5 5' ,3'-exonuclease has been obtained using ammonium 
sulphate as precipitant. The tetragonal crystals (space group 
P4122; a=79.2A, c=138.0A, vm=3.4A3/Da assuming one 
molecule per asymmetric unit) diffract to beyond 2.5 A, but 
often show split spots in their diffraction patterns, even 
though they look optically uniform. By testing many crystals 
a good native data set to 2.9 A resolution could be collected 
and a search for heavy atom derivatives is underway. Of the 
roughly 20 different heavy atom compounds tested so far, a 
gold and a mercury derivative look promising. 



Actin domains 

The N-terminal domain of skeletal muscle actin, which is part 
of the v-fgr oncogene, has been expressed as a soluble pro-
tein using a T7 expression vector. The histidine-tagged pro-
tein was purified using a Ni-chelating agarose column and 
gel filtration chromatography and is now being character-
ized, particularly in terms of its interaction with actin binding 
proteins. The recombinant protein forms a stable dimer in 
solution and we are currently probing the dimer interface by 
mutational analysis. Similarly, the interfaces to other actin-
binding proteins are probed by site-directed mutagenesis 
based on the known three-dimensional structure of skeletal 
muscle actin. The domain binds to myosin fragment S1 as 
shown with a standard dot blot assay using a biotin-labelled 
mutant. Attempts to express wild-type skeletal muscle actin 
in insect cells using recombinant baculovirus have so far 
yielded insoluble protein. 
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Porins and toxins: towards understanding structures 

Group leader: F. Pattus 

Scientist: J. Lakey 

Fellows: J. Gonzalez-Manas, F.G. van der Goot, D. Jeanteur 

Visitors: M. Bonhiver*, D. Duche*, M. Leippe*, R. MacDonald*, M. Yamamoto* 

Assistants: N. Didat, S. Scianimanico 

The lipid bilayer membrane which surrounds living cells 
is a very effective barrier in preventing diffusion of small 
molecules and macromolecules into the cytoplasm. To reach 
their site of action inside the target cells, from their site 
of synthesis within the producing cell, toxins must cross 
two to four membranes. One large class of toxins exerts 
its lethal effect by inserting into the target cell membranes 
and forming a pore which perturbs the ionic and osmotic 
balance across the membrane, inducing a wide diversity of 
biological effects such as loss of solute, inhibition of active 
transport, depolarization of the membrane, and arrest of 
protein synthesis. These toxins are produced in a water 
soluble form which is able to diffuse towards the target cell 
in an aqueous environment. But in their final state, the pore, 
they become integral membrane proteins embedded in the 
hydrophobic core of a lipid bilayer. 

How a single polypeptide chain can adopt two types, in 
principle mutually exclusive, of three-dimensional folds, one 
with a hydrophilic surface and one with exposed hydropho-
bic groups, is the puzzling question we have addressed by 
studying Colicins A and N, a-helical pore-forming bacteri-
ocins, and aerolysin from Aeromonas hydrophila, a ,B-sheet 
toxin. 

The structures of ion channels formed by these toxins 
and the porins from the outer membrane of gram-negative 
bacteria and their mechanisms of gating by membrane 
potential are the second focus of the research carried out in 
our group. 

Colicin A (with D. Baty & D. Duche (Marseille), 
M. Parker (Melbourne), Y. Nakatani, M. Yamamoto, 
O. Sorokine & A. van Dorsselaer (Strasbourg)) 

Models are being built to explain current knowledge and 
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to understand how things work. They are very helpful in 
designing new experiments and they represent the truth until 
new results make them obsolete. The "umbrella" model of 
the membrane-bound structure of the pore-forming domain 
of colicin A in the absence of membrane potential (Parker et 
al., 1990) which was supported by site-directed fluorescence 
spectroscopy experiments (Lakey et al., 1991, 1992) is no 
longer valid. Fluorescence energy transfer measurements 
with fluorescent probes attached to cysteine residues in-
troduced at several new positions, including the tip of the 
hydrophobic hairpin, have provided new distances between 
fluorescent probes and the tryptophans on helices 5, 6 
and 7. Whereas the large distance increase of helices 1 
and 2 from the tryptophan was confirmed, there was not 
the expected distance increase between the hydrophobic 
hairpin and the tryptophans when colicin inserted into lipids. 
This was also supported by engineering disulfide bridges 
between the hydrophobic hairpin and the neighbouring he-
lices. Cross-linking helix 8 and 7 does not inhibit membrane 
insertion, whereas cross-linking helix 1 to 9 does. 

Mass spectrometry combined with partial proteolysis was 
found to be a very efficient method to determine the ac-
cessible peptide bonds to tryptic or chymotryptic digestion 
of colicin A at the membrane surface without the need of 
extensive purification of individual peptides (Plate 27). It 
shows again that the hydrophobic hairpin spends a signifi-
cant portion of the time at the membrane surface. 

We are accumulating evidence that, at least in vitro, 
the membrane insertion intermediate or membrane inser-
tion competent state is a "molten globule state", but that 
negatively-charged lipids playa role other than just affecting 
the pH at the membrane surface (Gonzales-Marias et al., 
1992; Van der Goot et al., 1992). Attempts to demonstrate 
a requirement for negatively charged lipids in vivo by using 



PLATE 27 

Accessible sites to trypsin and a-chymotrypsin of the membrane-
bound pore-forming fragment of colicin A. The fragment bound to 
lipid vesicles was incubated with the protease for a short period. 
After delipidation and partial fractionation the peptide mixtures were 
analysed by ES mass spectrometry (collaboration with A. van Dors-

al 

1 

selaer, Strasbourg). In only a few cases, N-terminal sequencing 
was necessary to determine the exact location of the cleavage site 
without ambiguity. Note that a major a-chymotryptic cleavage (thick 
arrow) occurs in the middle of helix 8. 
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engineered bacteria where the acidic lipid content could be 
modulated did not provide an "all or none" answer. Much 
work has to be done to substantiate the role of the molten 
globule state and of acidic lipids on the in vivo mode of 
action of colicin A. 

Colicin N (with I. Vetter & D. Tsernoglou (EMBL) 
& J.M. Pages (Marseille)) 

Colicin N, the smallest pore-forming colicin known up to now 
will probably be the next "star" under focus of the group. A 
"long" fragment of colicin N containing both its pore-forming 
and its receptor-binding domain was crystallized some time 
ago by A. Tucker. Its structure was just solved this year 
by Ingrid Vetter (see Demetrius Tsernoglou's report). The 
tremendous new interest we have in colicin N is that the 
same year its membrane receptor, the ompF porin from 
the outer membrane from E.co/i, was also solved at 2.4 A 
resolution (Cowan et a/., 1992). Therefore, the availability of 
these two structures may provide clues to our understanding 
of the first step of colicin entry in the target cell. 

J 
The toxin aerolysin from Aeromonas 
hydrophila (with T. Buckley (Victoria, Canada), 
M. Parker (Melbourne, Australia), D. Tsernoglou, 
K. Leonard & M. Cyrklaff (EMBL)) 

The three-dimensional structure of proaerolysin was solved 
at the end of the year (see Demetrius Tsernoglou's report) 
and a model of the channel is being built by fitting the 
domains of proaerolysin into the low resolution structure 
of the oligomeric aerolysin obtained from two-dimensional-
crystals (see Kevin Leonard's report). We expect to get an 
accurate picture of the membrane inserted toxin in the near 
future. 

In contrast, the mechanism of activation, oligomer formation 
and membrane insertion is far from being understood. We 
have found that proaerolysin in solution as well as within the 
crystal is a head to tail dimer. Proaerolysin activation and 
oligomer formation is not accompanied by drastic changes 
in the secondary structure. How a head to tail dimer forms a 
head to head oligomeric channel is a puzzling problem. Up 
to now no direct evidence for the formation of a monomeric 
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intermediate could be obtained. The role of the activation 
step (cleavage of the C-terminal's last 43 amino-acids) is as 
yet unclear. It does not lead to dissociation of the dimer nor 
to destabilisation of the protein. However, only the mature 
form of the toxin is able to oligomerize. 

Porins 

Sequence alignment and structure prediction 

The porins located in the outer membrane of gram-negative 
bacteria are subjected to intense mutation pressure to allow 
bacteria to escape from hostile environments. Furthermore, 
the porin structure can accommodate large variation in the 
external loops length. Therefore, despite having a common 
structural pattern, porins have sequences displaying large 
variability even among related species which are difficult to 
align with the tools presently available. 

To relate the Rhodobacter capsulatus porin structure to 
all the biological data available on other porin classes, 
we started last year to align the numerous porin amino-
acid sequences available and have tried to predict the 
transmembrane topology of the porin family, with the hope 
that by adding less related sequences prediction accuracy 
would increase as was shown with the TIM family (Jeanteur 
et al., 1991). This prediction passed a stringent accuracy 
test this year, with the outcome of E.coli ompF and PhoE 
three-dimensional structures (Cowan et al., 1992) which 
underlined the validity of the approach. Statistical analysis to 
the 3 porin structures and the current alignment including 5 
porin families is being carried out to improve the prediction 
method and apply it to other classes of outer membrane 
proteins from gram-negative bacteria. 

Porins from Aeromonas hydrophila 
(with T. Buckley (Victoria, Canada)) 

The characterisation of the major proteins from the outer 
membrane of Aeromonas hydrophila has been completed 
(Jeanteur et al., 1992). A new class of cation selective 
porin was found, the physiological role of which is still un-
known. Whereas PhoE, LamB-like porins from Aeromonas 
hydrophila resemble closely their E.coli counterpart, the 
ompF-like porin from this bacteria displayed specific pore 
properties. 
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Structural basis of macromolecular assembly and sorting 

Group leader: S. Fuller 

Scientist: J. Kenney 

Fellows: S. Butcher, O. Chretien, T. Ookland, A. Eder*, R. Hendriks, A.-P. Huovila*, H. Krafft-Czepa, E. Larquet*, P. Stewart* 

Assistants: P. Buck, B. Gowen* 

Our group is using an integrated structural and cell biological 
approach to examine the structural basis of macromolec-
ular assembly and intracellular sorting. Cryo-electron mi-
croscopy in combination with image reconstruction provides 
a uniquely powerful tool for the study of macromolecular 
complexes because it allows the determination of their 
native three-dimensional structures of these complexes. 
We have also been examining how the environment in 
which protein folding and complex assembly occur affects 
these processes, and the maintenance of this within the 
endoplasmic reticulum (ER) and the intermediate compart-
ment. 

Adenovirus 
(P. Stewart with R. Burnett (Philadelphia)) 

A three-dimensional reconstruction of the adenovirus 2 
virion has been completed from cryo-electron micrographs 
to a resolution of 35 A (Stewart et al., 1991). The recon-
struction revealed the arrangement of the hexons which 
form the capsid and suggested localizations of the acces-
sory proteins which combine with hexon to form the virion. 
The next stage in this project has been to use difference 
imaging to generate very accurate positions for the hexons. 
This required the development of an algorithm for precisely 
modelling the imaging process so that the electron density 
of the hexon could be quantitatively compared with that in 
the reconstruction derived from cryo-electron micrographs. 
These parameters were determined with sufficient preci-
sion that the only difference between the X-ray and cryo-
electron microscopy (cryo-EM) structures corresponded to 
a 17 amino-acid stretch at the hexon surface (Plate 28A) 
which was too disordered to be fit within the high resolution 
X-ray model of the density. Calculation of the difference 
image between the capsid observed in cryo-EM and one 
simulated from the high resolution X-ray structure revealed 
the positions of the other proteins in the virion and the 
residues within hexon that are in contact with them (Plate 
28B). This leads to a model for the control of the release of 
the pentamer base by interaction with hexon which explains 
strain differences in pathogenicity. 

PLATE 28 

(A) Comparison of the adenovirus hexon structure seen in X-ray 
and electron microscopy. 

(B) Pentamer region of the adenovirus capsid showing the interact-
ing sequences of hexon. 
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PLATE 29 

A surface view of the three-dimensional reconstruction of wild-
type Semliki Forest virus (A) and uncleaved SOL mutant (8). The 
diameter of the virion is 700 A. 

Semliki Forest virus 
(J. Kenney, C. Venien, B. Gowen & P. Buck) 

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. Our work is 
now revealing functional detail within the spike complex 
which is responsible for the pH mediated fusion of the 
spike with the endosomal membrane during entry. The spike 
complex in Semliki Forest virus comprises three copies 
of each of two membrane glycoproteins E1 and E2. A 
third much smaller protein, E3, is cleaved from E2 in a 
late stage of Golgi processing but remains associated with 
the complex. This cleavage of the E2-E3 precursor must 
occur for the spike complex to become active in fusion. 
It has been suggested that the effect of the cleavage is 
to allow trimerization of E1 which is the active subunit 
in the fusion process. Three-dimensional reconstructions 
from cryo-electron micrographs of gently detergent-treated 
virus revealed a difference in the strengths of interaction 
of two morphologically distinct populations of spikes with 
the capsid and the differential extraction of mass within the 
more susceptible spike. Quantitative analysis of gradients 
using subunit-specific antibodies has demonstrated that E1 
is the subunit which is selectively removed and hence allows 
a tentative assignment of density within the trimer to this 
subunit. We have also been examining the structure of 
the uncleaved spike in a collaboration with Henrik Garoff's 
group at the Karolinska Institute in Stockholm. Mutagene-
sis of the cleavage site followed by expression produces 
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a VIrion which appears properly assembled but lacks all 
fusion activity until the spike is activated by exogenous 
protease. Comparison of the three-dimensional structures 
of the cleaved and uncleaved (SQL) virion reveals a dra-
matic conformational change (Plate 29). In combination 
with the tentative assignment of the location of the E1 
subunit, this suggests that the effect of cleavage is to 
allow the formation of a more compact spike and hence 
promote the formation of the putative E1 trimeric intermedi-
ate. 

Phages P2 and P4 and .\ 
(T. Ookland with B. Lindqvist & H. Murialdo) 

Cells infected by bacteriophage P2 assemble phage with 
a 600 A diameter icosahedral head whose major protein is 
gpN*. When P2 infected cells are superinfected with the re-
lated phage P4, they stop packaging the P2 genome and be-
gin 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. 
Our previous three-dimensional icosahedral reconstruction 
showed that the hinge region of the gpN* protein does 
not change significantly between the smaller and the larger 
capsid, ruling out one hypothesis for the mechanism of size 
control. We now favour a model in which modification of 
interactions with the scaffolding protein determines the size 
of the assembled structure. We have also addressed the 
question of thermostability of the P4 capsid by localizing an 
accessory protein, Psu, which imparts thermal stability to the 



PLATE 30 

A surface view of the three-dimensional reconstruction of P4, the 
parasite of P2, shows the T=4 symmetry of its capsid. (8) shows a 
capsid depleted in the accessory protein Psu while (A) shows one 

phage. The position of this protein (Plate 30) suggests it may 
hold open a relatively strained hexamer in the P4 capsid. 
The three-dimensional structures of the procapsid and ma-
ture capsid of bacteriophage A were also determined from 
cryo-electron micrographs. The mature A capsid contains 
two major proteins gpE and gpO arranged on a T=7 lattice. 
Difference imaging with a gpO-deficient mutant shows that 
the gpE is arranged as hexamers and pentamers comprising 
skewed arms while the gpO is arranged as thimble shaped 
trimers at the intersection points of the arms (Plate 31). The 
procapsid structure shows elongated hexamers with arms 

PLATE 31 

A surface view of the three-dimensional reconstruction of A (A) and 
of its procapsid (8). Note the thimble-like structures formed by gpD 

with a full complement of Psu. This identifies it as the bridge across 
the sixfold capsomeres. 

that point toward the inside of the capsid, hiding the gpO 
binding sites. This work characterizes the structural change 
which accompanies the filling of the head by DNA during 
the maturation of the particle. 

Enveloped bacteriophage cp-6 
(J. Kenney, S. Butcher & B. Gowen) 

Bacteriophage cjJ-6 is an enveloped bacteriophage with well-
characterized genetics, assembly and entry pathway. We 
are trying to complement these detailed functional studies 

on the trimer vertices and the change in the shape of the six coor-
dinated capsomeres between the procapsid and the mature virion. 
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PLATE 32 

Cryo-electron micrographs of PRD1 in various stages of disassem-
bly. 

with structural studies. Although the long range goal of 
these studies is a full three-dimensional structure of the 
virion, the heterogeneity and fragility of the preparation have 
hampered detailed studies. A method has been developed 
for interpreting the radial density profile of a viral particle in 
terms of its spherically averaged three-dimensional density 
distribution, by performing a least squares fitting to the imag-
ing parameters. Using this approach we have generated a 
radial mass picture of the virion and of the various subviral 
particles which will serve as a basis for interpreting both 
biochemical and structural work. A reconstruction of the 
nucleocapsid of this virus has been completed and work 
on several of the other subviral particles is underway. 
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Enveloped bacteriophage PRD1 
(S. Butcher & B. Gowen) 

PRD1 is an enveloped bacteriophage in which the mem-
brane of the virus is surrounded by an outer shell of protein. 
An obvious question raised by such a structure is the mech-
anism by which the internal membrane acts in facilitating 
the introduction of the viral RNA to the cell. Cryo-electron 
micrographs of fragile disassembly intermediates (Plate 32) 
suggest that the mechanism of penetration involves the 
evisceration of the viral envelope through a specific vertex. 
Work is under way to define the nature of the vertex and to 
generate a three-dimensional structure for the mature virion 
and the intermediates. 

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

We are utilizing cryo-electron microscopy to study the centri-
ole in an aqueous environment. Reconstructions show con-
sistent overall three-dimensional organization of the struc-
ture and handedness for the individual components as well 
as an intricate and organized structure for the pericentriolar 
material at the distal end. We are attempting to increase 
the resolution of the reconstructions and have begun ex-
amining the changes in centriole structure during different 
stages of the cell cycle. The dynamics of microtubules are 
believed to be controlled by GTP cap which stabilizes the 
microtubule and then causes rapid depolymerization when 
the GTP is hydrolysed. The detailed structure of this cap 
and of the structures at the ends of the polymerizing or 
depolymerizing microtubules have not been elucidated. By 
combining video microscopy with cryo-electron microscopy 
of the same preparations, Denis Chretien has identified a 
spread filament structure at the terminus of growing micro-
tubules. This suggests a mechanism for microtubule growth 
and control of their stability. 

HepatitiS B surface antigen assembly 
(A.-P. Huovila & A. Eder) 

The surface antigen protein of the hepatitis B virus as-
sembles to form 220 A diameter disks and tubes when 
expressed in eukaryotic cells. These structures contain over 
100 copies of the surface antigen polypeptide and are 
highly cross-linked by disulphide bonds. This cross-linking 
is inconsistent with the classical hypothesis that their site 
of assembly is in the ER where the abundant enzyme 
protein disulphide isomerase (PDI) would resolve complex 
oligomeric cross-links. Indeed, expression of PDI in a bac-
ulovirus system has allowed us to show that the oligomeric 
mature hepatitis B particle is broken down to dimers by 
the action of this enzyme in vitro. Pulse chase analysis 
in combination with confocal and electron microscopic im-
munocytochemistry shows that the surface antigen matures 
in two steps; in the ER maturation proceeds until dimers are 
formed and then higher cross-linking and budding occur in a 
pre-Golgi, post-ER compartment. Morphometry and the use 
of a variety of intermediate and other compartment markers 
have been used to define this maturation compartment. 



Receptor mediated retention of resident 
proteins of the endoplasmic reticulum 
(P. Buck, A. Eder, R. Hendriks & H. Krafft-Czepa) 

A number of the soluble proteins of the ER carry the 
carboxy terminal sequence -Lys-Asp-Glu-Leu (KDEL) which 
has been shown to be necessary and sufficient for the 
retention of these proteins. The large amounts of KDEL 
terminated proteins that must be retained by the system and 
the fact that ER proteins are exposed to later compartments 
of the secretory pathway have suggested that a receptor 
cycling between the ER and the intermediate compartment 
is responsible for the retention. Some years ago we used 
an anti-idiotypic approach to identify a candidate for the re-
ceptor. The anti-idiotypic antibodies blotted a 72 kDa protein 
and detected an antigen which appeared to be localized to 
the intermediate compartment. This and other evidence led 
us to believe that the 72 kDa protein was the receptor for 
this signal (Vaux et al., 1990). Rob Hendriks has recently 
succeeded in cloning and sequencing the 72 kDa antigen 
by means of expression screening. It is now clear that this 
protein cannot be the receptor. The two monoclonal anti-
idiotype antibodies visualize different proteins by blotting 
and by immunofluorescence and hence the combination of 
these two lines of evidence was invalid. Further work is con-
tinuing to identify the antigen seen by immunocytochemistry 
and to identify the 72 kDa protein which seems to interact 
so selectively with several anti-idiotype antibodies. 

We have also been trying to understand the recognition 
which lies at the base of the retention mechanism. One 
approach has been examining the structures of antibodies 
which recognize the signal. Hartmut Krafft-Czepa has used 
PCR to clone and sequence the complementarity deter-
mining regions of the several anti-KDEL antibodies. The 
recycling model for KDEL protein recognition requires that 
this recognition be environment-dependent. Together with 
Gert Vriend, we have generated a model for the KDEL tail 
which would show this environment dependence and is con-
sistent with all the available mutagenesis data. The model 
predicts that the retention signal must be able to adopt an 
a-helical conformation and that the presence of an upstream 
sequence which promotes this helicity is an important part 
of recognition. This model has been tested by CD and NMR 
experiments (in collaboration with Annalisa Pastore) which 
confirm that peptides which contain functional KDEL signals 
have the predicted a-helical structure which changes as 
predicted with environment. Astrid Eder is testing this model 
by designing a series of mutations which will investigate the 
effect of this upstream region. She has also established a 

baculovirus expression system for two of the major KDEL 
proteins to produce sufficient amounts for structural studies. 
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Protein folding analysis of structurally related proteins 

Group leader: L. Serrano* 

Fellows: P. Cronet*, V. Munoz*, J. Prieto* 

Visitor: E. Lopez* 

Assistant: D. Sanders* 

Folding analysis of parallel a./{3 proteins 

Our group is interested in the detailed analysis of rules 
which determine the folding pathway of proteins and their 
relative stability. One of the questions we want to answer is 
whether proteins with no apparent sequence homology, but 
with similar tertiary structures, fold in the same way. As a 
model we are using the family of parallel ex/ f3 proteins, and 
more specifically: CheY (chemotactic protein from E.co/i), 
P21-H-Ras and f1avodoxin. Our approach to this problem 
is multidisciplinary and involves collaboration with different 
groups inside and outside the EMBL. Finally we are inter-
ested in extrapolating information from our in vitro results 
and applying it to the folding of these proteins in vivo. 

Structural characterization 

NMR structure of Che Y in solution 

The complete residue assignment and secondary structure 
determination of CheY in solution has been carried out in 
collaboration with Prof. Rico (Instituto de Estructura de la 
Materia (CSIC), Madrid). The three-dimensional structure 
determination of the protein labelled with N15 by NMR will 
soon be finished. Next year we will start the first quench-
flow NMR experiments to analyse the folding pathway of 
CheY. 

Crystal/ographic analysis of Che Y mutants 

The three-dimensional structure of the mutants we are mak-
ing on CheY will be solved in collaboration with Dr. Col 
(Universidad Politecnica Cataluna, Barcelona). This group 
has already crystallized the wild-type protein and solved the 
structure to less than 1.8 A resolution and they have started 
work with mutants designed to create a GTP binding-site in 
the protein (see below). 
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Analysis of the folding pathway of CheY 

Thermodynamic characterization of Che Y 

The thermodynamic characterization of CheY is almost com-
plete. The stability of the protein has been determined by 
urea and temperature denaturation at different pH condi-
tions. The protein is rather insensitive to changes in pH (from 
2.5 to 8.0) and has a stability of 5.7 kcal.mol-1 at 25" C by 
pH 7.0 and 50 mM ionic strength. Addition of 1 mM MgCI2 
increases the stability of the protein by 1 kcal.mol-1 and 
there is also an increase in stability with ionic strength. 

In collaboration with Prof. Mateo (Universidad de Granada, 
Granada) we were able to show the presence of two distinct 
transitions after temperature denaturation of the protein, fol-
lowed by fluorescence or calorimetry. The first one, which is 
reversible as long as the second transition has not occurred, 
corresponds to the formation of a molten-globule state. The 
second one could be due to a cis-trans isomerization of the 
cis-proline. Our group is currently looking at the denaturation 
of the protein in the presence of urea to destabilize the 
molten globule. We are currently making different types 
of mutations all over the protein, which will be used to 
characterize the folding pathway of CheY and to analyse 
protein stability principles. 

Kinetic analysis of Che Y folding 

We have already completed the kinetic analysis of the 
folding and unfolding reactions of CheY, using stopped-flow 
fluorescence. The analysis was complicated because of the 
presence of a cis-proline in the folded protein. The presence 
of this Pro destabilizes the protein by ,,-,2.5 kcal.mol-1 . There 
is at least one folding intermediate with the Pro in the trans 
and another one with the Pro in the cis conformation. 

We are currently investigating the effect of Mg on the kinetics 
of folding and unfolding of the wild-type protein and shall 



soon start analysing the effects of different mutations to 
obtain a structural model of the folding intermediates. We 
have also started to characterize the kinetics of unfolding 
and refolding, using CD stopped-flow. 

Looking for nucleation points 

What is the minimum a/{3 parallel 
protein that will be stable? 

This project is being carried out in collaboration with Chris 
Sander's group (EMBL). The idea is to find the minimum 
structural element that will still fold by deleting secondary 
structure elements at the edges of p21 Ras and by mutating 
some key residues. The project has just started. We have 
cloned and successfully expressed p21 Ras fused to the 
MalE protein. The fusion protein is soluble and p21 can be 
liberated by cleaving with factor X. After cleavage p21 binds 
GTP. The next step will be the deletion of {J parallel strand 5 
and a-helix 5. 

Stability in solution of protein fragments 
corresponding to the a-helices of p21, 
Che Y and f/avodoxin 

Peptides corresponding to the five a-helices of CheY and 
p21 and to the four helices of flavodoxin were synthesized 
chemically. CD and NMR analyses (in collaboration with 
Prof. Rico in Madrid) were performed on all of them at 4 0 C in 
water or in 30% TFE. The analysis was finished and we have 
obtained interesting results concerning the folding pathway 
of these proteins. We are now expressing bigger fragments 
of the three proteins, as fusion proteins, corresponding to 
longer structural motifs and we plan to analyse them in the 
near future. 

Protein design 

Design of a GTP binding-site on Che Y 

Philippe Cronet is in charge of this project. The idea is 
that since CheY is a parallel a/{J protein with no nucleotide 
binding-site but with a very similar structure to flavodoxin 
and p21 Ras, it will be possible to design a GTP- or 
ATP-binding-site. This makes it possible to test various 

hypotheses about the way loops are folded and also about 
protein-protein interactions. The initial part of the design, 
corresponding to the phosphate binding loop, has been 
done and the protein is soluble and stable. We are cur-
rently characterizing the mutant proteins and plan to start 
designing the binding-site for the base soon. 

Folding in vivo 

We have obtained an Ecoli clone which over-expresses the 
GroEI and GroEs chaperone. We wish to use these mutants, 
which have interesting effects on the unfolding and refolding 
kinetics of CheY, to investigate the role of this and possible 
other chaperones on the folding of CheY in vivo. 
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Electron microscopy of large proteins 

Group leader: K. Leonard 

Scientists: B. Bullard, T. Gibson 

Fellow: S. Labeit 

Visitors: M. Gautel, V. Guenebaut* 

Assistants: C. Ferguson, A. Lakey, J. Thompson 

We are using electron microscopy, together with computer 
image analysis to obtain structural information from elec-
tron micrographs of very large proteins. Membrane protein 
complexes are studied as periodic arrays (sheets or helical 
tubes) in lipid bilayers. Soluble proteins and filamentous 
proteins can be adsorbed to lipid monolayers to produce 
two-dimensional arrays. 

Very large modular proteins from muscle are being se-
quenced and expressed for structural study. The localisation 
of these proteins in thin sections is carried out by immuno-
electron microscopy using IgG-gold or Fab-gold probes. 

Structure prediction of titin and its interaction with other 
muscle components is also being carried out within the 
group. 

Membrane proteins 

In collaboration with the group of Franc Pattus, EMBL, 
we have been studying the structure of the membrane-
associated channel complex of the bacterial toxin aerolysin. 
The structure of the soluble pro-aerolysin dimer has recently 
been determined by X-ray crystallography (see the report of 
Demetrius Tsernoglou). Electron microscope studies sug-
gest that the complex is a heptamer. We are now attempting 
to obtain a three-dimensional reconstruction of the mem-
brane channel oligomer by cryo-electron microscopy. This 
can then be used to build a high resolution model for the 
channel from the X-ray data for the monomer. We have 
(with Marek Cyrklaff) obtained good images of helical tubes 
of aerolysin in ice. These appear to be made up of aerolysin 
dimers (Plate 33). 

In collaboration with Hanns Weiss (Dusseldorf), we are 
continuing to work on the mitochondrial redox Complex I 
and extending the studies to the smaller equivalent complex 
found in Ecoli. 
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Structure of titin 

In collaboration with John Trinick (Bristol) we have con-
tinued the molecular cloning and sequencing of the titin 
gene. Titin is the largest known protein (Mr 3,000 kDa); 
single molecules span half-sarcomeres in vertebrate mus-
cle and are thus about 1 micron in length. Approxi-
mately 80% of the complete titin message has now been 
cloned, and 60% has been sequenced. The majority of 
sequence data obtained ("-'95%) encodes two types of 
repeating 1 00 amino-acid motifs - Class I (which are re-
lated to fibronectin-type-III domains) and Class II (related 
to immunoglobulin-C2- domains). These act, at least in 
part, as binding sites for other muscle proteins. Near the 
C-terminus, the regular repeat pattern in titin terminates, 
and four copies of a KSP-motif are present in the molecule 
(Plate 34). This site appears to be a target for cdc2-
like kinases whose level is controlled during myogene-
sis. Therefore, the titin C-terminus senses changing levels 
of kinases/phosphatases during muscle development and 
possibly specifies when myofibrillar assembly should oc-
cur. 

The phosphorylation motif of titin 

RVKSPEPRVKSPEAVKSPKRVKSPEPS 

PLATE 34 

The titin phosphorylation motif in the M-line region is flanked by 
two immunoglobulin C2 repeats. The three-dimensional structure of 
CII-5 is being investigated by NMR (see report of Annalisa Pastore). 



PLATE 33 

(a) Image of a helical tube of membrane-bound aerolysin, prepared 
unstained in vitreous ice. The tube wall, which is about 8 nm in 
thickness, is made up of a single layer of aerolysin molecules on 
the outside and a lipid bilayer on the inside. 

PLATE 35 

Localisation of kettin in myofibrils of (a) Drosophila and (b) Letho-
cerus. Frozen sections are labelled with monoclonal antibody. The 

(b) Surface shaded view of a three-dimensional reconstruction 
made from the helical tube shown in (a). The tube is formed from 
aerolysin dimers which bind parallel to the membrane surface. A 
dimer is circled at the lower left of the figure. 

epitope is at the edges of the Z-disc. The molecule, however, is 
likely to extend across the Z-disc. 
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Detailed structural characterisation of selected single do-
mains by NMR is being performed in collaboration with the 
Pastore Group and should ultimately allow us to understand 
the function of titin at the atomic level. 

Invertebrate muscle proteins 

We are also studying high molecular weight proteins in 
insect flight muscle. Biochemistry and immuno-Iocalisation 
of proteins is conveniently carried out with muscle from the 
giant water-bug Lethocerus indicus, while cDNA cloning and 
sequencing is carried out for the corresponding Drosophila 
proteins. 

A new protein of 700 kDa (kettin) has been found in the 
Z-disc (Plate 35) and a cDNA clone of 1.6 kb sequenced in 
Drosophila. The partial sequence consists of four domains 
with homology to immunoglobulin class 1\ domains; there 
are additional linker sequences between the domains which 
are homologous to each other but not to any other protein 
sequence. A class 1\ domain of kettin with flanking linker se-
quences has been expressed in E.coli. This fragment bound 
to actin and a-actinin but not myosin, thus the function of 
the protein may be to link actin and a-actinin in the Z-disc. 
Single molecules of kettin are large enough to span the full 
width of the Z-disc. 

Evolutionary analysis of titin domains 

One application of the burgeoning database of class I, 
class II and kinase domains from titin and related proteins is 
in reconstructing the order in which these proteins arose dur-
ing evolution of organised muscle systems. In collaboration 
with Desmond Higgins (Data Library) gene trees have been 
prepared for these domain families. The data have allowed 
a nearly complete understanding of the appearance of the 
titin super-repeat. They also show that the titin kinase has 
diverged from a myosin light chain kinase ancestor before 
nematode twitch in and vertebrate muscle MLCK diverged. 
Further examination of the giant muscle proteins in inverte-
brate phyla may be very rewarding. 

Protein tertiary structure modelling 

Toby Gibson (formerly with Patrick Argos) and Julie Thomp-
son are now associated with the group. They are active in 
modelling the tertiary structures of small protein domains. 
This is being done in close collaboration with members of 
the Argos group, since the models are being built within 
the Internal Coordinate Mechanics package. A major focus 
continues to be DNA-binding domains from transcriptional 
regulatory proteins, such as zinc finger DNA-binding speci-
ficity while the 4-helix bundle model for the Helix-Loop-Helix 
domain (Argus group research report 1991) is now strongly 
supported by experimental evidence. 

Work is in progress on a model for the 33 residue repeating 
motif of ankyrin, a major cytoskeletal protein associated 
with the intracellular surface of the cell membrane. The 
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PLATE 36 

Proposed topology for four Ankyrin Repeats 

Schematic representation of the proposed structure of ankyrin 
repeats. The packing of four consecutive repeats is illustrated. 
For simplicity, the rotation of 10-20 degrees per repeat is not 
shown.The model essentially accounts for all the observed con-
servation of hydrophobicity but some details, primarily involving 
the extended segment, such as the precise path in relation to 
the neighbouring helices and potential hydrogen bonding of both 
backbone and semiconserved polar sidechains still remain to be 
elucidated. 

1 st 
repeat 
unit { 

aligned sequences show conservation periodicities implying 
two consecutive a-helices followed by a long extended 
segment. These secondary structure elements are sepa-
rated by short gly-favouring loops that can tolerate insertion. 
Antiparallel packing of the helices within a repeat satisfies 
the most conserved hydrophobic positions. The presence 
of additional conserved residues implies that the repeating 
domains associate by helical progression into a rod. Loss of 
conservation of mutually exclusive residues on the first and 
the last repeats indicates the packing surfaces of adjacent 
repeats. The extended segment then allows the helices of 
adjacent repeats to adopt a near parallel orientation as 
indicated in Plate 36. 
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Structure of eukaryotic membrane proteins determined by electron crystallography 

Group leader: W. KOhlbrandt 

Scientist: D.N. Wang 

Fellows: R. Flachmann*, G. Mosser*, S. Nussberger, J. Puonti-Kaerlas* 

Visitors: L. Cheng*, W. Cramer*, M. Duggan*, Y. Fujiyoshi*, A. Gall*, B. Hankamer*, T. Hirai*, 1. Kimura*, 
R. Meckenstock*, H. Michel*, R. Nunn*, R. Reithmeier*, I. Tews*, P. TSiotis*, X. Young* 

Assistants: M. Cyrklaff*, K. Dorr 

We are studying the structure of eukaryotic membrane 
proteins by crystallographic techniques. Comparatively few 
membrane proteins form good three-dimensional (3D) crys-
tals, whereas two-dimensional (20) crystals can frequently 
be obtained. We have therefore concentrated on growing 
20 crystals, and on determining their structure by electron 
crystallography. The membrane proteins we are currently 
investigating include: 

- plant light-harvesting complex (LHC-II) 
- human erythrocyte anion exchange protein (Band 3) 
- cytochrome b6f complex from chloroplast membranes 

An interpretable 4 A map of LHC-II 
(W. KOhlbrandt & D.N. Wang, 
with Y. Fujiyoshi (Osaka)) 

We have determined the structure of LHC-II by electron crys-
tallography, collecting amplitude data by electron diffraction 
and determining the phases of structure factors directly by 
processing high-resolution images of 20 crystals. During the 
past year, we obtained a 3D map at 4 A resolution. Due to 
the high quality of phase data we were able to trace part of 
the polypeptide chain, using side chain densities in the two 
long trans-membrane helices A and B (KOhlbrandt & Wang, 
1991) to fit 36 residues in helix A and 35 residues in helix B. 
We have also identified the 14 chlorophyll molecules which 
are non-covalently bound by the polypeptide, and 5 of the 
amino-acid residues acting as chlorophyll ligands. Plate 37 
shows some aspects of the map, and of our interpretation 
of the density. 

Lipid-protein interactions in crystals of LHC-II 
(S. NuBberger & C. D6rr) 

LHC-II is isolated as a trimer which appears to be its 
conformation in vivo. The trimer dissociates into monomers 
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at high detergent concentration. The monomers reassociate 
into trimers when the detergent is removed by dialysis. 
Most of the pigments remain associated with the complex 
during this process. Isolated LHC-II contains several lipids, 
including phosphatidyl glycerol (PG) and digalactosyl dia-
cyl glycerol (DGDG). Treatment with phospholipase breaks 
down PG and causes the irreversible dissociation of trimers 
into monomers, indicating that this lipid is directly involved 
in trimer formation. The PG binding site is removed by 
chymotrypsin which cleaves off the first 50 amino-acids of 
the polypeptide. 

The 3D crystallization of LHC-II is totally dependent on 
the presence of DGDG which appears to be specifically 
associated with the complex in the membrane. 3D crys-
tals of the complex are not yet suitable for high-resolution 
X-ray crystallography but their quality has improved from 
12 A to about 6 A during the last year. The crystal space 
group is P432 with unit cell dimensions a=b=c=380.7 A. 
The asymmetric unit may contain up to 6 LHC-II trimers, 
estimated on the basis of volume per mass of protein 
crystals. 

Expression of LHC-II in transgenic plants 
and algae (R. Flachmann & J. Puonti-Kaerlas) 

We are currently establishing a heterologous system 
for expressing recombinant LHC-II in transgenic tobacco 
plants and in the eukaryotic alga Chlamydomonas rein-
hardtii. This should enable us to generate site-directed 
mutants of this eukaryotic membrane protein which will 
be used for structural and functional studies. The cab 
gene, encoding the LHC-II polypeptide, has been re-
constructed by exchanging promoters and by altering 
the codon usage of the N-terminal half of the gene. 
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After complementation of an atp8-deficient alga by ho-
mologous recombination in the chloroplast genome, LHC-II 
should accumulate in the thylakoid membrane, circumvent-
ing the normal transport of preproteins across the chloro-
plast envelope. 

2D crystallization and electron crystallography 
of human Band 3 protein (AE1) (D.N. Wang, 
with R. Reithmeier (Toronto)) 

Band 3 is the major membrane protein in erythrocytes. It 
exchanges CI- against HC03 across the plasma membrane. 
The same family of anion exchanger (A E) proteins includes 
the highly homologous AE2 in kidney cells which controls pH 
homeostasis in mammals, and AE3 in neurons which may 
be involved in neuromodulation. We have grown tubular and 
2D crystals (Plate 38a) of the 55 kDa membrane domain by 
microdialysis of protein solubilized in non-ionic detergents. 
The crystals have layer group symmetries of p2 and p6, 
respectively. Projection maps (Plate 38b) were calculated 
for the two crystal forms. Both maps show that the protein is 
a dimer. Each monomer consists of three domains, labelled 
A, B, C. A and B are located at the dimer interface. The 
link to the third domain, C, appears to be flexible. Note the 
depression, marked by an asterisk, at the dimer interface 
which probably represents the channel for anion exchange. 

PLATE 37 

4 A map of LHC-II 

(a) 5 A slice parallel to the membrane plane near the centre of 
the membrane. 

(b) 5 A slice at the N-terminal surface of the complex. 
(c) Side view of a tryptophan residue in helix B against chloro-

phyll 7 in the background. 

c 

Crystallization of cytochrome bsf complex 
(G. Mosser & C. Dorr, with G. Hauska (Regensburg)) 

The cytochrome b6f complex in the photosynthetic mem-
brane of chloroplasts mediates electron transport between 
the two photosystems I and II as well as cyclic electron 
flow around photosystem I. Cytochrome b6f is the equivalent 
of the bC1 complex of mitochondria and of the bc com-
plexes found in many bacteria. The b6f complex consists 
of 4 polypeptides: the apoproteins of cytochrome b6, cy-
tochrome f, one Rieske Fe-protein and subunit IV. Tubular 
crystals and sheets of cytochrome b6f .complex (Plate 39) 
were grown by microdialysis. 

High-resolution electron cryo-microscopy of 
biological specimens (M. Cyrklaff & W. KOhlbrandt) 

In parallel with our structural studies on membrane proteins, 
we are developing techniques for high-resolution electron 
cryo-microscopy of biological specimens. Using microcrys-
talline ice instead of vitrified water as a medium, we have 
achieved better image resolution because the medium pro-
vides a more stable support. Images of cubic ice recorded 
at -170 0 C show that our side-entry cryo-transfer holder is 
stable to within 0.92 A. Images of single particles and of 
crystalline specimens embedded in crystalline ice were, on 
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PLATE 38 

2D crystals (a) and projection map (b) 
of the membrane domain of Band 3, the 
human erythrocyte anion exchange pro-
tein. The protein crystallizes as a dimer. 
The monomer (shaded) consists of three 
domains, labelled A, B, C. A depression 
at the monomer interface (asterisk) may 
indicate the position of the anion chan-
nel. Scale bar in (a), 1000 A. 
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PLATE 39 

Crystalline sheet of cytochrome b6f from 
spinach chloroplasts. Scale bar, 1000 A. 



average, of better quality than others recorded in vitrified 
water under otherwise identical conditions. Optical diffrac-
tion patterns of TMV recorded in cubic ice show the 7th layer 
line at 9.2 A and, occasionally, the 12th layer line at 5.75 A. 
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Protein crystallography, targeting signals 

Group leader: P. Metcalf 

Fellows: M. Fusek*, E. Schlagenhauf 

Visitors: F. Bieber, M. Mares 

Assistant: V. Brachvogel 

We have been using X-ray crystallographic methods to 
investigate two proteins relevant for intracellular targeting 
studies. Structures of the lysosomal protease cathepsin D 
from human spleen and bovine liver were completed during 
the year and X-ray data to 3 A resolution were collected 
from the first crystals of Rabs, members of a class of small 
GTP-binding proteins implicated in specific intracellular vesi-
cle transport, and studied by several groups at EMBL. A 
third crystallography project involves a novel GPI-linked 
surface protease from the infective form of the trypanosome 
Leishmania major. The advent of several usefully diffract-
ing crystals has meant that our interest in high resolution 
cryo-electron microscopy of Reoviridae has received little 
attention during the year. A detailed comparison of the 
structure of four members of this widely distributed virus 
family remains unfinished (see last year's report). 

Targeting signals for the localization of proteins and carrier 
vesicles within cells must contain sufficient information to 
distinguish the correct destination from numerous alternative 
destinations and probably ultimately depend on the details 
of protein structure. Families of homologous, but differently 
localized, proteins present an opportunity to learn about 
the molecular mechanisms required for the specific target-
ing. Expression studies of recombinant chimeric molecules 
made from parts of two differently sorted homologous pro-
teins can be used to define targeting signals in the amino-
acid sequences required for localization. Because of the se-
quence homology the assumption is made that the chimeric 
molecules fold correctly and that their retargeting really does 
reflect specific changes to the targeting information on the 
molecules rather than resulting from a general degradation 
of the three-dimensional structure. Crystal structures for 
these proteins would aid the design of this kind of experi-
ment and are clearly necessary to define structural targeting 
information. The cathepsin D and Rab projects are aimed at 
understanding targeting and in both cases previous chimera 
expression studies have led to the identification of regions 
in the primary sequence necessary for correct sorting. 
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Cathepsin D 

Secreted and lysosomal mammalian aspartic proteases 
share up to 40% sequence identity and their abundance 
and property of binding strongly at low pH to the inhibitor 
pepstatin means they can be comparatively easily purified 
in crystallizable amounts. Three secreted members of the 
family (pepsinogen, chymosin and renin) have known crystal 
structures. Cathepsin D is more abundant than the other 
lysosomal aspartic protease, cathepsin E, and we were 
able to purify and to produce crystals diffracting to 3 A of 
both the human spleen and bovine liver enzymes, the latter 
with bound pepstatin. The structures were solved using the 
molecular replacement method using pepsin as a search 
model. 

Soluble lysosomal enzymes like cathepsin D are trans-
ported to Iysosomes by the comparatively well character-
ized mannose-6-phosphate mediated pathway (see Hoflack 
group report). The primary sorting event of this pathway 
occurs in the region of the cis-Golgi where the carbohy-
drates of soluble molecules destined for Iysosomes are se-
lectively phosphorylated by a still poorly characterized ph os-
photransferase. Experiments with partially purified phos-
photransferase preparations indicated that 'it recognizes a 
three-dimensional structural motif shared by soluble lysoso-
mal enzymes. Expression studies of mutant and chimeric 
aspartic proteases have focused attention of a 28-residue 
segment of the cathepsin D sequence, necessary for this 
selective phosphorylation to occur, which presumably con-
tains all or part of the phosphotransferase recognition site 
(reviewed, Kornfeld & Mellman, 1989; Baranski et at., 1990). 
The 28-residue targeting region of cathepsin D forms a 
loop near the C-terminus and is shown in Plate 40. The 
C-terminus contains two extra residues (-RL) not present 
in other aspartic proteases that may also be involved in 
lysosomal targeting. It remains to be seen to what extent the 
structure of the targeting region is shared by other lysosomal 
proteins. 



PLATE 40 

Ribbon diagrarT) showing bovine cathepsin D. The targeting region 
near the C-terminus required for phosphorylation of the carbohy-
drates is shown shaded. Parts of the carbohydrates visible in the 
electron density map are shown bold. 

The crystals of the human and bovine cathepsin D both 
contain two molecules in the asymmetric unit, although the 
packing in each crystal is different. The crystallographic 
residual, which is a measure of the fit of the solved struc-
ture to the diffraction data, is R=16.1% (Rfree=25.1%) for 
human cathepsin D. The model geometry parameters are 
(D.bonds=0.013 A, D.angles=3.3"). Slightly better values were 
obtained for the bovine structure, which is a complex with 
the 6 amino-acid inhibitor pepstatin. 

While we are concerned mainly with the lysosomal targeting 
of cathepsin D, its function as a major Iysosbmal protease 
involved in the processing and turnover of intracellular and 
endocytosed proteins, means that it has a wider relevance, 
particularly in medicine. The pepstatin inhibitor complex 
allowed us to identify some of the substrate binding residues 
and may help the future design of more specific aspartic 
protease inhibitor drugs. 

Rab proteins 

Rab proteins are a family of at least twenty homologous 
proteins related to the small GTP binding protein p21 Ras. 
Several Rab proteins have been shown to be located on 
specific membranes within cells and a targeting signal has 
been defined by chimera expression studies in a region of 
the sequence within 30 residues of the C-terminus. The 

C-terminal part of the molecules has the least homology 
amongst GTP binding proteins and some Rab proteins 
contain a modified C-terminus with covalently bound lipid, 
probably involved in membrane interactions. The pheno-
types of mutants unable to hydrolyze GTP have implicated 
Rab proteins in specific vesicle fusion events involved in 
intracellular vesicle trafficking (reviewed: Pfeffer, 1992; see 
the reports of the Zerial, Gruenberg, Simons and Sander 
groups). 

The nature of the primary sorting event for molecules in 
the Rab family is unclear. One explanation for the specific 
localization of Rab proteins is that they are interacting 
uniquely with already localized membrane-specific proteins, 
however, none cf these have yet been identified. Because 
of their apparent role in targeting vesicles Rab proteins may 
have to interact specifically with more than one membrane 
type. To add to the difficulties, Rab proteins are not abundant 
and not easily purifiable in amounts required for detailed 
chemical analysis, let alone for crystallization. We have been 
purifying and carrying out crystallization trials on a number 
of Ecoli expressed Rab protein constructs in a collaboration 
with the group of Marino Zeria!. Crystals of two Rab proteins 
have been obtained and data sets from two crystal forms of 
one full-length Rab protein have been collected with data 
quality at present roughly equivalent to that of cathepsin D. 
We intend to solve the structure by molecular replacement 
using the known structure of p21 Ras as a search model 
and to continue crystallization trials of other Rab proteins 
to learn more about the C-terminal targeting/membrane 
binding region and its relationship to the GTP binding site 
of the molecules. 

Leishmania promastigote surface protease 

Trypanosomal parasites are interesting not only because 
they cause significant diseases, but because they have 
evolved intriguing mechanisms to successfully avoid the 
mammalian immune system. Some species can be pro-
duced in large amounts and have already been the source of 
protein for several crystallographic projects. Leishmania al-
ternates between an insect vector and the mammalian host, 
where it parasitizes macrophages causing leishmaniasis. 
The symptoms for humans range from self-healing (e.g. the 
oriental sore or "Jerusalem Rose") to fatal (e.g. kalar-azar 
and espundia) depending on the strain. The promastigote 
surface protease (PSP) is a major antigen of the insect stage 
and is thought to be a virulence factor and to be involved in 
macrophage invasion during infection. The 63 kDa protease 
is attached to the outside of the cell membrane by a GPI 
glycolipid anchor. The protein contains zinc and has a 
3 amino-acid zinc binding sequence motif but has no other 
sequence homology with zinc proteases or with any other 
protein. We work with a soluble form of PSP, without the lipid 
part of the GPI anchor, produced from cultured Leishmania 
major promastigotes by our collaborator R. Etges (University 
of Lausanne). 

The current crystallographic status of the PSP project is as 
follows. Native data sets have been collected from mono-
clinic (2.8 A) and tetragonal (2.7 A) crystals in-house. These 
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crystals diffract to about 2.5 A. A screen with several heavy 
metal compounds led to two potential derivatives with sig-
nificant diffraction intensity differences, one of which could 
be solved. Data from these have been collected using the 
Hamburg Outstation X31 synchrotron beam at a wavelength 
to maximize anomalous dispersion. Progress during the 
year included better macro-seeding methods for producing 
the tetragonal crystals and the discovery of the monoclinic 
crystal form. Crystals prepared this way made the deriva-
tive search possible. Previous batch-to-batch crystallization 
irreproducibility led to an effort to analyse in detail the var-
ious preparations using SDS and IEF electrophoresis and 
mass-spectrometry of native and deglycosylated PSP and 
immunoblotting using antibodies against the carbohydrate 
part of the GPI anchor. 

Publications during the year 
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Structural studies of proteins and protein ligand complexes 

Group leader: R.K. Wierenga 

Fellows: T.V. Borchert, R. Kishan*, M. Mathieu, M.E.M. Noble, RA Pauptit* 

Visitor: R. Siegert* 

Assistent: J.P. Zeelen 

This year the research in our group has been focused 
on triosephosphate isomerases, thiolase and SH3-domains. 
The crystal structures of the SH3-domains of fyn, which is a 
tyrosine kinase and spectrin, which is a cytoskeletal protein, 
have been solved. 

The principal method of investigation in our group is protein 
crystallography, but other techniques, such as mutagenesis, 
enzymology and spectroscopic methods are also intensively 
used for the characterization of these proteins. 

The goal of our research is to increase the understanding of 
the sequence-structure and structure-function relationships 
of these proteins. In the TIM-project protein engineering 
tools are being used to design a TIM-barrel-like protein with 
new properties. The structural studies of the j3-oxidation 
enzymes, such as thiolase, and SH3-domains provide us 
first of all with new structural data, which can subsequently 
be used to understand how these proteins carry out their 
function in the cell. 

Table 1 

Crystallographic binding studies with trypanosomal TIM 

Four different crystal forms are now available for these 
studies (Table 1). The most recent crystallographic binding 
studies have been done with the C2 big crystals. These 
crystals can be grown in PEG at high pH (pH=S.S) in the 
absence of any active site ligand. The structure has been 
refined at a resolution of 2.1 A. 

The asymmetric unit consists of two TIM subunits. Each 
of these subunits is part of a dimer which is sitting on a 
crystallographic two-fold axis, such that the crystal packing 
is formed from two TIM-dimers in two distinct environments. 
The two constituent monomers of a given dimer are, there-
fore, crystallographically equivalent. In the ligand-free state 
of TIM in this crystal form, the two types of dimer are very 
similar in structure, with flexible loops in the "open" confor-
mation. For one dimer (termed molecule-1), the flexible loop 
(loop-6) is involved in crystal contacts. These crystals have 
been used in soaking experiments with 0.4 M ammonium 

The different crystal forms of trypanosomal TIM and E.coli TIM 

Spacegroup Maximal 
resolution (A) 

Trypanosomal TIM (wild-type) P212121 
Trypanosomal TIM (wild-type) C2-big* 
Trypanosomal TIM (wild-type) C2-small** 
Trypanosomal TIM (wild-type) P1 

Trypanosomal TIM (A 1 DOW) P1 
Trypanosomal TIM (C14G) not known 

Ecoli TIM (wild-type) P212121 
Ecoli TIM (ETIMSCHI) P21 

* C2-big=two monomers per asymmetric unit 
** C2-small=one monomer per asymmetric unit 

1.S3 
2.1 
2.13 
1.5 

2.6 
3.5 

2.6 
3.2 

refined, R=18.3% 
refined, R=17.6% 
refined, R=15.5% 
refined at 1.S A, R=19.9% 

refined, R=16.6% 
not yet solved 

refined, R=11.9% 
solved, not yet refined 
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Table 2 

Some characteristics of trypanosomal TIM 
(wild-type and interface point mutants) 

Volume change* T m (TGGE)** Specific activity at a K m at 25 0 C**** 
( A3) eC) protein concentration (mM) 

of 4 fLg/ml*** (units/mg) 

Wild-type n.a. 45 5,000 0.2 
H47N 55 35 10 0.3 
C14G 87 28 7 1.2 
V46G 120 22 2 0.6 

* The volume change is calculated from the volume differences of the side-chains 
** TGGE is temperature gradient gel electrophoresis 
*** Measured after equilibration of the protein sample in the standard assay buffer. 

Reaction started by adding the substrate, O-glyceraldehyde-3-phosphate. 
**** Measured for the reaction from O-glyceraldehyde-3-phosphate to dihydroxyacetone-phosphate. 

sulphate (studied at 2.5 A resolution). It is found that transfer 
to 0.4 M ammonium sulphate (equal to 80 times the Kj of 
sulphate for TIM), gives rise to significant sulphate binding 
at the active site of one dimer (termed molecule-2), and less 
significant binding at the active site of the other. In neither 
dimer does sulphate induce a "closed" conformation. In a 
mother liquor containing 40 f-lM phosphoglycolohydroxam-
ate (equal to 10 times the Kj), an inhibitor molecule binds at 
the active site of only that dimer of which the flexible loop 
is free from crystal contacts (molecule-2). In this dimer it in-
duces the "closed" conformation of the conformationally flex-
ible loops: 100p-5, 100p-6 and 100p-7. Previously, in another 
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crystal form (spacegroup P212121, grown in the presence of 
2.4 M ammonium sulphate) an "almost closed" conformation 
of the flexible loops has been observed. Careful analysis has 
shown that this conformation is the combined result of the 
presence of 2.4 M ammonium sulphate as well as crystal 
contacts. Three different positions have now been observed 
for respectively sulphate bound to "open", sulphate bound 
to "almost closed" and the phosphate moiety of for example 
phosphoglycolohydroxamate bound to "closed" as is visu-
alised in Plate 41. These positions are approximately 1 A 
apart. The phosphate moiety binds deepest in the active 
site pocket. 

PLATE 41 

This picture summarises some of our TIM crystallo-
graphic binding studies with substrate analogues. Three 
different structures are shown (see also text). Sulphate 
bound to the "open" state (dark grey), sulphate bound 
to the "almost closed" state (light grey), and phospho-
glycolohydroxamate bound to the "closed" state (white). 
The peptideflip of 100p-7 allows for optimal interactions 
beteen 100p-7 and the phosphate moiety. 



PLATE 42 

(a) The amino-acid changes of the deletion mutant. 
The new sequence is 7 residues shorter. 

(b) The comparison of the loop-3 conformation in wild-type (thin lines) and 
deletion mutant (thick lines). Note that in the modelled mutant structure 
helix-3 has one additional turn, this is possible, because Pro81 (wild-type) 
has been mutated into an alanine. 

Native T.brucei TIM: 

(33 70 75 Helix 3 

AKSGAFTGEVS 
AONAI 

* 
AONAG 

Loop-deletion model 

*: altered side-chains 

L P ILK 0 

* * 
N A 0 A LAS L K 0 

(a) 

Cocrystallization experiments of trypanosomal TIM and cy-
clohexapeptides in the presence of 10% DMSO have given 
the fourth crystal form with space group P1 (Table 1). 
These crystals are well ordered and diffract to at least 
1.5 A. Currently the structure of these P1 crystals is being 
refined at 1.8 A resolution. No density for cyclohexapeptides 
is present. Subsequent solution studies have shown that 
the selective inhibition of trypanosomal TIM by these cyclo-
hexapeptides, as measured in an activity assay, was due to 
coprecipitation and not due to a specific one-to-one interac-
tion between cyclohexapeptide and TIM, therefore crystallo-
graphic binding studies with cyclohexapeptides have been 
discontinued for the moment. 

Protein design studies with trypanosomal TIM 

The ambitious goal for the mutagenesis work with try-
panosomal TIM is the creation of a monomeric TIM-barrel 
protein with novel, designed binding or catalytic properties. 
The first major step in this work has to be the creation of a 
stable monomer. First, three TIM-variants were made, each 
with a single amino-acid alteration at the dimer interface, 
changing residues involved in various kinds of interactions. 
In all cases the alterations introduced less voluminous side-
chains (Table 2), thus introducing cavities in the interface. 
These mutations severely destabilize the dimer and as a 
result the mutant proteins occur as a protein which is in 
equilibrium between monomers with highly reduced activ-
ity and active dimers. These mutants are characterized in 
collaboration with the group of F.R. Opperdoes (Brussels, 
Belgium). The Km values of these dimers are somewhat 
higher than for the wild-type (Table 2), suggesting that the 
active site geometry of the mutant dimer is similar, but not 
identical, to the wild-type dimer. Interestingly, the C14G 
mutant, which is the closest to the active site has the highest 
K m. The ratio between monomers and dimers depends 

on protein concentration, ionic strength, temperature, and 
the presence of substrate analogues. There is a certain 
correlation between the size of the introduced cavities in the 
interface and dimer stability. Correlated with the reduced 
dimer stability, lower thermostability was observed for all 
these variants (Table 2). Several crystallization experiments 
have been carried out with these TIM-variants; so far only 
crystals of C14G, diffracting to 3.5 A resolution, have been 
obtained (Table 1). 

The majority of the interactions across the interface in-
volves residues from loop 3. Extensive modelling by Ruben 
Abagyan, using the ICM software, proposed the deletion of 
100p-3 combined with numerous mutations in the residues 
just before and just after 100p-3, as shown in Plate 42. 
The mutagenesis has been carried out, the protein purified 
and preliminary characterization shows a monomeric protein 
with thermal stability close to wild-type TIM. Further charac-
terization of the monomeric protein is in progress. 

Structural studies with E.coli TIM 

The crystal structure of Ecali TIM has been refined at 
2.6 A resolution. Worth mentioning are the rather different 
interactions at the dimer interface. For example an interface 
salt bridge, which is conserved in chicken TIM, yeast TIM 
and trypanosomal TIM is not present in Ecali TIM, despite 
the fact that the residues themselves are conserved. It 
concerns residues R100 and E79 in Ecoli TIM, which are 
completely conserved in 13 sequences. Due to small local 
rearrangements, these side-chains adopt in Ecali TIM other 
conformations and do not interact with each other across 
the dimer interface. Also crystals of an Ecali TIM mutant 
have been obtained. This Ecali TIM mutant (ETIM8CHI) 
was constructed (in the group of J. Martial, Liege, Belgium) 
by replacing the ((30:)8 unit of Ecali TIM by the equivalent 
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({3a) unit of chicken TIM. Alltogether there are 10 residue 
differences between wild-type and mutant, including a one 
residue deletion. Modelling has been carried out to predict 
the structural changes associated with these mutations. The 
major sequence difference is A232F. A232 is an internal 
residue, so the mutation A232F must result in further rear-
rangements, in particular the A232F side-chain will clash 
with the side-chain of F224. It has been predicted that 
the structure adapts by swinging out the F224 side-chain, 
producing a geometric arrangement very similar as in try-
panosomal TIM, where the equivalent residues of A232F 
and F224 are F231 and Y223, with the Y223 side-chain 
also pointing outwards. The mutant TIM crystallizes in a 
different spacegroup. In this crystal form there are two 
dimers per asymmetric unit. The crystals diffract to 3.2 A 
resolution. The structure could be solved by molecular re-
placement. Currently the four-fold averaged map is being 
interpreted. 

The structure determination of 
the j3-oxidation enzymes 

We are studying yeast peroxisomal thiolase in collaboration 
with W.-H. Kunau (Bochum, Federal Republic of Germany). 
It is a dimer of two identical subunits. It is synthesized as a 
proprotein (419 residues) which is converted into the mature 
protein by removing the 20 N-terminal residues after import 
into the peroxisome. The crystals are well ordered and 
diffract to at least 2.4 A; there is a dimer in the asymmetric 
unit. Several datasets of native and heavy atom derivatives 
have been collected. The Pattersons of two gold compounds 
could be solved after visual inspection. The orientation and 
position of the local two-fold axis were found with the self-
rotation function and translation function (using poor MIR-
phases, with m(acentric)=0.34 and m(centric)=0.52), using 
GLRF (Tong & Rossmann, 1990). Interpretable maps were 
obtained after two-fold averaging (using O-programs) (Ta-
ble 3). Currently 5 heavy atom derivatives are being used for 
MIRAS-phasing (m(acentric)=0.45, m(centric)=0.60). Ten-
tatively approximately 250 Cn-positions have now been 
located in the averaged map (3.1 A resolution), showing 
that the thiolase dimer has a central {3-sheet, perpen-
dicular and adjacent to the local two-fold axis. Crystal-
lization experiments with other {3-oxidation enzymes, such 
as 6.3 6.2-enoyl-CoA isomerase and crotonase, have also 
been carried out (collaboration with J.K. Hiltunen, Oulu, 
Finland). 

Table 3 

Statistics of the thiolase averaging; 
correlation coefficient between the two subunits 

Correlation 
coefficient 

first MIRAS-map, KAuCI4 , KAu(CN)2 .274 
after optimising the local two-fold .360 
after averaging .761 

final MIRAS-map (5 derivatives, new mask) .409 
after averaging .834 
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The structure determination and refinement 
of spectrin-SH3 and fyn-SH3 

This project is the result of a collaboration with the groups 
of Matti Saraste and Sara Courtneidge. SH3 is a 60-residue 
domain, which is found in a divers range of eukaryotic 
proteins involved in signal transduction or in cytoskeleton 
interactions. The crystallography of the SH3-domains of 
spectrin and fyn was possible after the successful expres-
sion, purification and crystallization of these proteins in the 
Saraste group. Both crystals are well ordered. The structure 
determination of spectrin-SH3 was possible using MIRAS-
phasing with two datasets of one good derivative. The 
structure determination of fyn-SH3 was done on the basis 
of a SIRAS-phased map from one derivative. This map was 
rather poor because the heavy-atom structure of this deriva-
tive (a uranyl compound) is almost centrosymmetric. Never-
theless, due to the strong anomalous signal some molecular 
features could be found in this first SIRAS-map. Fortunately 
the asymmetric unit consists of two SH3-molecules. After a 
complicated procedure electron density associated with both 
molecules could be found and after averaging the structure 
determination was straightforward using the tools of the 
graphics program O. SH3 essentially consists of two antipar-
allel sheets and each sheet consists of three strands. This 
topology is also observed in a domain of BirA (Wilson et al., 
1992), which is a bacterial enzyme. The conserved residues 
of SH3 (Musacchio et al., 1992) define a surface patch 
consisting of four exposed aromatic residues surrounded 
by other conserved residues (Plate 43). It is postulated that 
SH3 is involved in protein-protein interactions and it seems 
very likely that this conserved patch is involved in these 
interactions. 

PLATE 43 

The molecular surface of the fyn-SH3 molecule with the conserved 
residues. The conserved exposed aromatic residues are indicated. 
Polar atoms (N,O) are dark-grey; hydrophobic atoms (C,S) are light 
grey. 
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Crystallographic methods 

Group leader: P.A. Tucker 

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

Fellow: P. Kanellopoloulos* 

Visitors: H. Abken*, P. Bhattacharya*, M. Bolognesi*, G.P. Canuti*, A. Coda*, T. Glumoff*, J. Lee*, H. Monaco*, H.H. Ohlenbusch*, N. Strater* 

Assistants: P. Everitt, H. van der Zandt 

The aim of the group is to implement and develop meth-
ods that facilitate macromolecular crystal structure deter-
minations. The group therefore supports the X-ray labora-
tory equipment, crystallographic software and much of the 
graphics software. 

X-ray instrumentation 

The area detector systems have again been heavily used 
during the year, with the in-house demands such that we 
have been able to accommodate virtually no external users. 
The MAR image plate scanner has performed reliably during 
its first year of routine operation and we have shown that 
in many cases data collection with rotation frame widths 
smaller than the rocking curve width lead to better data 
quality with an acceptable increase in instrument deadtime. 
Comparisons between instruments have been carried out 
during the year and have shown that data quality (for the 
same material) depends on the incident beam intensity, the 
crystal and the instrument, in that order. Even so data quality 
from the MAR instrument seems slightly superior to that 
on the other two systems. Internal projects that have used 
instrument time during the year are: 

- Yeast thiolase (Mathieu, Wierenga: MAR, FAST) 
- Triosephosphate isomerase mutants (Noble, Zeelen, 

Wierenga: MAR, FAST) 
- Triosephosphate isomerase complexes (Noble, Zeelen, 

Wierenga: FAST) 
- E.coli triosephosphate isomerase (Noble, Zeelen, 

Wierenga: FAST) 
- Glycerol-3-phosphate dehydrogenase (Zeelen, 

Wierenga: MAR, FAST) 
- Proteinase K/inhibitor complex (Pal: X100) 
- T5 exonuclease (Ceska, Suck: MAR, FAST) 
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- IL-6DBP (Baudet, Suck: MAR, FAST) 
- c-Myb (Sauer, Suck: MAR, FAST) 
- LFB1 homeodomain (Ceska, Suck: MAR, FAST) 
- VSG Watat 1.1 (Ceska: MAR, FAST) 
- P1 nuclease/DNA complexes (Dominguez, Ceska, Suck: 

MAR) 
- Suc1 (Sagermann, Sander, Tsernoglou: MAR, FAST) 
- Rop (Sagermann, Sander, Tsernoglou: FAST) 
- SH3 (Musacchio, Pauptit, Noble, Saraste, Wierenga: 

MAR, FAST) 
- Fyn SH3 (Musacchio, Noble, Saraste, Wierenga: FAST) 
- Cytochrome oxidase A (Eriksson, van der Oost, 

Musacchio, Saraste: MAR, FAST) 
- Colicin A mutants (Vetter, John, Tsernoglou: X100) 
- Colicin N (Vetter, Tsernoglou: X100) 
- a-Toxin (Vetter, Tsernoglou: X100) 
- Rab protein (Schlagenhauf, Metcalf: MAR, X100) 
- Promastigote surface protease (Schlagenhauf, Metcalf: 

MAR, X100) 
- Cathepsin D (Metcalf, X100) 
- GroEL (John, Tsernoglou: X100) 
- LHC II (Nussberger, KOhlbrandt: X100) 

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

- Kidney bean purple phosphatase (Strater, Tucker: MAR, 
FAST) 

- Restriction enzyme PUV II (Kokkinidis: X100) 
- Pyrovateformatelyase (Becker, X100) 

In addition time has been made available for visitors from 
Turku (Glumoff) and Pavia (Monaco, Bolognesi, Coda) for 
instrument tests. Experiments on diffraction from lyotropic 
phases of lipids as a function of temperature have also been 
carried out (Lee). 



PLATE 44 

Points in the skeletonized electron density of a calculated 3 A map 
of glucagon, with the molecular model superimposed. 

(a) 

(b) 

Protein crystallographic software (D. Wild) 

During the past year we have continued to participate in the 
activities of the European Science Foundation sponsored 
working group on protein crystallographic software, and 
have further developed our X-windows/Motif interface to the 
CCP4 protein crystallographic suite. We have constructed 
interfaces to the most frequently used CCP4 programs, us-
ing the freely redistributable Widget creation language (Wcl) 
toolkit. These interfaces also form templates for the addition 
of additional programs, which may be easily accomplished 
with a text editor. 

Electron density map fitting 
(D. Wild & P. Bhattacharya) 

This year we initiated a collaborative project with P. Bhat-
tacharya (Lincoln), to investigate the application of computer 
vision techniques to macromolecular structure determina-
tion. We have developed and implemented new algorithms 
for electron density map skeletonization and molecular en-
velope determination. Both of these algorithms rely on the 
fact that electron density maps are three-dimensional "grey 
voxel" data, and may be treated like other images of this 
nature. 

Envelope determination is based on a three-dimensional 
"edge detector" algorithm, which is an extension of the 
well-known Sobel filter used in two-dimensional image pro-
cessing. 

Our electron density skeletonization algorithm is based on 
finding a minimal weighted path through the density (the 
gray weighted distance transformation (GWDT)). The cen-
tral idea of the algorithm is to find out all those lattice 
points in the given three-dimensional image which are not 
contained in any other minimal path of other lattice points 
of the image. A (rough) skeleton can be located by a local 
maximum calculation based on the GWDT because, if a 
lattice point has a local maximum over its neighbours, then 
it has a higher possibility of being included in the skeleton. 

a. Points calculated with BONES. 
b. Points calculated with the algorithm described in the text. 

The next task is to find out those lattice points which are 
located at the "ridge" of the "mountain", that is, those which 
have a nonzero slope but are not a local maximum. We 
have tested our algorithm on ideal (calculated) electron 
density maps of small proteins. Points in the skeletonized 
density from a 3 A map of glucagon (1 GCN) are shown in 
Plate 44b, and compared with the skeletonized density from 
BONES in Plate 44a. It can be seen that our algorithm, 
which requires no prior thresholding, produces a skeleton 
which better preserves the shape of the electron density 
(and underlying molecular structure) than that produced by 
BONES. Further tests and development of these algorithms 
are in progress. 

We have also begun to investigate the use of the application 
visualization system (AVS) for visualizing and analysing 
electron density maps, and have developed a number of 
modules and networks for this purpose. 

A toolkit to process and access information 
from the Protein Data Bank (J. Postma) 

The Protein Data Bank (PDB) access system (comprising 
of YABP and K?) which was introduced in last year's re-
search report has undergone some major extensions and 
revisions. The system has already been applied in a number 
of research projects and has shown to be a highly flexi-
ble and, in terms of CPU time, a highly economical data 
access mechanism. During the year a set of more than 
20 standalone data analysis programs have been designed. 
Furthermore some data base management tools have been 
added to the system which allow us to complement, and 
check, the raw PDB data. We plan to produce derived 
data (atomic accessibility, residue accessibility, electrostatic 
potential data etc.). However these data objects will be sep-
arated from the "pool" of basic data. The raw data objects 
have read-access only while the derived data-objects can 
be updated by the user. The present software must be 
regarded as a toolkit for an experienced programmer to 
design his own query programs. However to free potential 
users from programming we have designed a query system 
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Table 4 

Sample query 

DEFINE STARTNODE Istpointer = @s1,@s2 ! PDB entry should contain secondary 
! structure objects s1 and s2 

Ifilename = "test.d" ! output file is test.d 
lorigin = XRAY ! accept only XRAY entries 
Iresolrange = 0,2.2 ! with resolution range o. - 2.2 A 

DEFINE SECSTRU lid = %s1 I identification - "tag" name 
Itype = helix secondary structure type: helix 
Igrpointer = @g1,@g2 contains groups g1 and g2 
Inuminmotif = 1 first in motif 
larcpointer = @a1,@a2 has to obey relation a 1 and a2 

DEFINE SECSTRU lid = %s2 identification - "tag" name 
Itype = helix secondary structure type :helix 
Inuminmotif =2 second in motif 
larcpointer = @a1,@a2 has to obey relation a 1 and a2 

DEFINE GROUP lid = %g1 I identification first group 
Igrpname = asp group "type" 

DEFINE GROUP lid = %g2 identification second group 
Igrpname = glu group "type" 

DEFINE ARC lid = %a1 relation a1 
Isec1 = @s1 between object s1 
Isec2 =@s2 and s2 
Ifunc = @MOTIFFUNC relation is of type MOTIF 
Igrpinbetween = 0,5 . residues in between objects s1 and s2 

DEFINE ARC lid = %a2 ! relation a2 
Isec1 = @s1 ! between object s 1 
Isec2 =@s2 ! and object s2 
Ifunc = @ANGLEFUNC ! relation is of type ANGLE 
langlerange = 70,80 

(QUE) which should allow users to query the data-base 
using an "intuitive" user-interface (with P. Argos, G.P. Canuti 
& T. Etzold). The prototype of the query system uses a 
description file in which the user describes the query. 

The "flow-chart" of this query description follows the hierar-
chy of the data base. Development is still required to make 
the system stable enough for general usage. The existing 
QUEry system however already shows a high amount of 
flexibility (an example query is shown in Table 4). This 
sample query searches for a pair of helices. The two helices 
have an interhelix angle between 70 and 80 0

, whilst the 
number of residues between the two helices is in the range 
zero to five. Furthermore the first helix has to contain an ASP 
and a GLU. This "motif" occurs in the aerolysin which we are 
currently refining. When this query is applied to a data-base 
comprising 664 PDB entries a total of 31 occurrences are 
found. The CPU time taken is about 8 sec (on a VAX9600). 

Collaborative structural projects 

Adenovirus ssDNA binding protein 
(with D. Tsernoglou, A. Tucker & 
P. van der Vliet (University of Utrecht)) 

The crystal structure of the C-terminal chymotryptic frag-
ment (DNA binding domain) has been refined at 2.6 A to 
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! angle between s1 and s2 is in range 
! 70-80 

an R of 0.197. The protein contains two different zinc 
coordination sites of types C-X-C-X51-C-X16-C and C-X-H-
X52-C-X15-C which appear to be structural requirements. 
The protein contains a 17 amino-acids C-terminal extension 
that hooks into a second molecule thereby forming an infinite 
protein chain through the crystal. The hypothesis that this 
protein-protein interaction is responsible for the coopera-
tivity of DNA binding has been demonstrated by deletion 
of the C-terminal arm whereupon reduced cooperativity is 
observed. On the basis of the structure and of mutant 
studies a DNA binding site has been identified at the edge 
of a small section of three stranded ,B-sheet. A 38 residue 
stretch in one of the conserved regions of the protein is not 
visible in the crystal structure, despite the fact that residues 
in this loop have been shown to be involved in interactions 
with DNA. The current model for the system requires this 
loop to fold over the DNA after docking to the binding site 
mentioned above, thus "locking" a molecule onto the DNA. 
The molecular replacement problem for a second crystal 
form of the fragment has been solved. This crystal form 
has a looser packing and is therefore more amenable to 
soaking studies with nucleotides, but unfortunately we are 
not yet able to obtain large crystals reproducibly. Building 
the structure into the electron density is in progress. Gel 
retardation experiments have been used to identify condi-
tions under which complex formation is optimal and these 
conditions have been used as a starting point for crystalliza-



tion trials of a DBP/ssDNA complex. Small crystals obtained 
in the presence of d(T)18 have been grown and shown to 
contain DNA. Their diffraction properties are currently under 
investigation. 

Refinement and structural analysis of 
the aeromonas toxin proaerolysin 
(with D. Tsernoglou & M. Parker) 

The refinement and subsequent model building of the 
aerolysin has reached a stage where it was possible to trace 
the main chain (apart from two flexible loops) and fit the 
real sequence into the electron density maps. The present 
refinement process, which includes cycles of MD X-ray 
refinement and conventional PROLSQ refinement, produces 
an R-factor of around 23% (2.8 A resolution data) Refine-
ment is continuing. Some preliminary structural analysis has 
been undertaken, in which the PDB data-access system, 
described above, has proven very useful. The clusters of 
aromatic residues and the monomer-monomer interface 
region are of special interest. The initial analysis shows 
alternating hydrophobic and hydrophilic "patches", and is 
presently focused on finding similar structural features in 
the PDB database. The crystal structure reveals that the 
molecule is a dimer with each monomer possessing an elon-
gated shape, comprising four domains rich in ,B-sheets with 

one ,B-strand being over 100 A long. Analysis of the entire 
PDB-database shows that the longest ,B-strand therein is 
only 45 A long. An image of the membrane channel form of 
the toxin derived from electron microscopy (see Leonard's 
group report) has enabled us to produce an atomic model of 
the aerolysin channel and suggests a pathway for insertion 
of the water-soluble protoxin into the membrane to form 
a voltage-gated ion channel. Once refinement is complete 
and the geometry reasonable, a broad spectrum of analysis 
projects can be started including a final fit of the channel 
model to the electron microscopy data. 

Publications during the year 

Parker, MW., Postma, J.P.M., Pattus, F., Tucker, A.D. & 
Tsernoglou, D. (1992). Refined structure of the pore-forming 
domain of colicin A at 2.4 A resolution. J. Mol. Bioi., 224, 
639-657 

Postma, J.P.M. & Neervoort, H. (1992). "YABP" and "K?". 
A toolkit to process and access PDB data. A user manual. 
EMBL technical report 

Tucker, P.A. (1991). New detectors in X-ray diffraction Mat. 
Sci. Forum" 79-82, 349-356. 
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Protein domains and membrane protein complexes 

Group leader: M. Saraste 

Fellows: J. Castresana*, M. Kelly*, A. Kuppe, P. Lappalainen, M. Lubben, A. Musacchio, J. van der Oost* 

Visitors: E. Eriksson*, T. Haltia*, R. MacDonald* 

Assistant: A. Warne 

The major effort of our group is to get a structural and 
functional insight into cytochrome oxidase and related 
membrane-bound enzymes. Cytochrome c and quinol ox-
idases function as proton pumps. A central problem is 
how reduction of oxygen catalysed by these complexes is 
coupled to vectorial proton transport. 

Another research topic within the group is to solve structures 
of complex proteins with the assistance of gene technology. 
The idea is to predict the locations of domain boundaries 
and to subsequently use expression methods to dissect 
large proteins into subdomains. This strategy for solving 
the structures of subdomains could be used to obtain de-
tailed structural models for large cytoskeletal proteins such 
as spectrin. Similarily, such domains in membrane protein 
complexes which are exposed to aqueous milieu, may be 
expressed in a soluble form and used for structural stud-
ies. 

Archaebacterial oxidase complexes 

Cytochrome oxidase is a characteristic enzyme of mitochon-
dria where the complex contains up to 13 different protein 
subunits. Bacterial cytochrome oxidases contain three or 
four different subunits and represent the functional core 
of the eukaryotic enzyme. The 02-binding active site is a 
bimetallic Fe-CuB centre where Fe is the central atom of 
the high spin haem. Electrons are transferred via a copper 
centre called CUA and a low spin haem to the active site. 
These redox-active metal centres are bound to subunits I 
and II (COl and COil). 

COl has the bimetallic Fe-CuA site, and the binding site 
for the low spin haem. Recent mutagenesis studies have 
shown that these three metals are coordinated to six his-
tidines which are strictly conserved in COl. COil contains the 
binding site for cytochrome c and the CUA centre. The latter 
may reside in a subdomain that has the ,B-barrel architecture 
typical of the superfamily of blue copper proteins. Subunit III 
(COlli) is present in most of the oxidase complexes studied 
so far, but its function is not known. We have purified 
cytochrome oxidase preparations which contain two or more 
subunits, from a variety of bacteria. Attempts to grow two-
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and three-dimensional crystals using these preparations are 
in progress. 

We have also continued to work on archaebacterial cy-
tochrome complexes. Genetic analysis of the SoxABCD 
operon encoding a terminal oxidase in the thermoacidophilic 
archaebacterium Sulfolobus acidocaldarius revealed four 
genes. The first two code for COil and COl, respectively, 
and the third one for an apocytochrome b. The latter is 
typically a component of cytochrome bC1 and b6f com-
plexes, which are respectively involved in respiratory and 
photosynthetic electron transport. The fourth gene encodes 
a small hydrophobic protein. The biochemical analysis of 
Sulfolobus oxidase (Sox) has shown that it is indeed a 
complex of at least these four proteins. This result has 
an interesting mechanistic corollary. The Sox complex may 
combine energy-conserving mechanisms of two mitochon-
drial respiratory enzymes. It has a much simpler structure 
but it may still perform essentially the same reactions as its 
two eukaryotic counterparts. 

Recently, another locus in the genome of S.acidocaldarius 
which seems to code for the central subunit of an alternative 
terminal oxidase, was found. It has a single gene (soxM, 
Plate 45), which appears to encode a COIICOIII fusion 
protein. Biochemical work on this SoxM oxidase has been 
started. 

Structure of CUA domain 

The C-terminal domain of COil is located outside the mem-
brane bilayer. It contains the CUA centre that is probably 
the first site to accept electrons from cytochrome c. CUA is a 
unique type of copper centre. So far it has been found only in 
cytochrome c oxidase and a denitrification enzyme, nitrous 
oxide reductase. The structure of the CUA centre is still 
controversial because it is not known whether it contains one 
single or two copper atoms. The domain in the homologous 
subunit of quinol oxidases does not contain copper. We 
have been able to express the C-terminal domain from the 
Ecoli CyoA protein, the quinol oxidase subunit homologous 
to COIl. Large amounts of the protein can be produced in a 
soluble form in the Ecoli cytoplasm. 
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The structural similarity between the CUA-containing COil 
domain and the copperless CyoA domain has been further 
shown by mutagenesis experiments (in collaboration with 
Robert Gennis (University of Illinois) and with Roland Aasa 
& Bo Malmstrom (University of Goteborg)}. Substitution of 
amino-acid residues in CyoA has enabled us to construct 
purple and blue CyoA mutants that are similar to N20R 
and blue copper proteins of the azurin/plasto-cyanin family, 
respectively. Further mutagenetic studies have shown that 
the CUA site is a binuclear copper centre which is ligated 
to two cysteines, two histidines and one methionine. The 
number of copper atoms bound to this centre has been 
determined with electrospray mass spectrometry using the 
recently established mass spectrometry facility at the EMBL. 

Crystallographic studies on the CyoA fragment and its mu-
tants have been initiated in collaboration with Rik Wierenga 
and his coworkers. 

SH3 

We are trying to solve the three-dimensional structure of 
spectrin. Spectrin is a large elongated protein which is 
the major component of membrane skeleton in multicellu-
lar organisms. It is a heterodimer where each of the a-
and ,a-subunits is made of repeating units. The canonical 
repeat has 106 amino-acid residues and folds into an a-
helical structure. Unique domains that carry the functional 
properties of spectrin are flanked between the repeats or 
found in the termini of the subunits. These functions include 
interactions with other components of membrane skeleton 
such as F-actin and ankyrin. 

One of the unique domains in spectrin belongs to the family 
of so-called SH3 ("Src-homology 3") domains. It is abundant 
in proteins that take part in the signal transduction theatre 
(tyrosine kinases, phospholipase C" G-protein activating 
protein GAP, and others) but its function is not known. 
We have obtained highly ordered crystals of the SH3 do-
mains dissected from a-spectrin and Fyn tyrosine kinase. 
Both structures have been solved during 1992 in collabora-
tion with Martin Noble, Richard Pauptit and Rik Wierenga. 
The structure of SH3 is made of two orthogonal ,a-sheets 
(Plate 46). The residues which are conserved in the SH3 
sequences form a smooth surface patch. This seems to be 
made for binding of a protein ligand. 

PLATE 45 

Archaebacteria! quinol oxidases from Sulfolobus acidocaldarius . 
The upper complex has been characterized biochemically. This Sox 
complex contains four or more subunits described in the text. The 
SoxM enzyme has not yet been purified; its existence is predicted 
by gene cloning. The number and character of subunits in the SoxM 
complex is not known. Neither is it known whether both complexes 
act as proton pumps . 

Publications during the year 

Lubben, M., Kolmerer, B. & Saraste, M. (1992). An archae-
bacterial terminal oxidase combines core structures of two 
mitochondrial respiratory complexes. EMBO J., 11,805-812 

Musacchio, A., Gibson, T., Lehto, V.-P. & Saraste, M. 
(1992). SH3 - an abundant protein domain in search of a 
function. FEBS Lett., 307, 55-61 

Musacchio, A., Noble, M., Pauptit, R., Wierenga, R. & 
Saraste, M. (1992). Crystal structure of an Src-homology 3 
(SH3) domain. Nature, 359, 851-855 

Van der Oost, J., Lappalainen, P., Musacchio, A., Warne, A., 
Lemieux, L., Rumbley, J., Gennis, R.B., Aasa, R., Pascher, 
T., Malmstrom, B.G. & Saraste, M. (1992). Restoration of a 
lost metal-binding site: construction of two different copper 
sites into a subunit of the E.coli cytochrome 0 quinol oxidase 
complex. EMBO J., 11, 3209-3217 

N (6) C (62) 

PLATE 46 

Topology of the spectrin SH3 domain. Five f3-strands form a f3-sheet 
sandwich. Strand b is bent and shared by the sheets. Residues 
55-58 form a one-turn 310 helix which connects strand d to strand e. 
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Design and prediction of protein structures 

Group leader: C. Sander 

Scientist: G. Vriend 

Fellows: P. Bork*, P. Cronet*, W. Eberle*, U. Hobohm, L. Holm, C. Ouzounis, M. Sagermann, 
R. Schneider, P. Stouten, A. Valencia 

Visitors: D. van Aalten*, B. Altenberg*, V. Eijsink*, U. Goebel, J. Mrazek*, G. Nyakatura*, 
B. Rost, F. Seljee*, J. Stouten, G. Tuparev, K. Verbarg* 

Assistant: M. Scharf 

Predicting protein structure 

Secondary structure prediction at 
better than 70% accuracy 

We have achieved a substantial increase in the accuracy 
and quality of secondary structure predictions, using a 
neural network algorithm. The main improvements come 
from the use of multiple sequence alignments (better over-
all accuracy), from "balanced training" (better prediction 
of ,a-strands) and from "structure context training" (better 
prediction of helix and strand lengths). The best method, 
cross-validated on seven different test sets, purged of se-
quence similarity to learning sets, achieves a three-state 
prediction accuracy of 70.8% on globular, water-soluble pro-
teins, which is significantly better than any previous method 
(Plate 47). The improved distribution and accuracy of helices 
and strands make it possible to predict a first structural 
model of newly sequenced proteins (Plate 48). Several 
blind tests on protein structures determined in 1992 have 
confirmed the high accuracy, e.g. the src homology domains 
sh2 and sh3 and the POU-specific DNA-binding domain. 
An electronic mail server, profile network Heidelberg (PHD), 
delivered several hundred predictions worldwide in its first 
month of operation (Rost et al., in press). 

PLATE 47 

Prediction accuracy of the profile network for different water-soluble 
proteins. The method scores about 5 percentage points higher 
than the best previous general prediction methods. Accuracy varies 
considerably for individual protein chains, as shown here. The 
standard deviation is ±9 percentage points. 
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. . . . . . . . . 1 . . . . . . .2.. ...... 3 . . . . . . . . .4. . . . . . . . .5. . . . . . . . 
SEQ KELVLALYDYQEKSPREVTMKKGDILTLLNSTNKDWWKVEVNDRQGFVPAAYVKKLD 
EXP EEEE B B B EEEEEE EEEEEE EEEEEEGGGEEEE X-ray 
PHD EEEEEE EEEEEE EEEEEE EEEE EEEE 89% 
Re I 854777623445556432112342467652566642334413663122112344145 

PLATE 48 

Prediction (PHD) of the src-homology domain SH3 from the se-
quence (SEQ) using the PHD network system and comparison with 
crystal structure (EXP) as determined by Musacchio et at .. The 89% 
single residue accuracy is achieved when all sequence homologues 
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down to 25% identical residues are used as input. For each residue, 
the expected reliability of the prediction is given on a scale of 0 to 
9. The average (sustained) accuracy of the PHD method is 70.8% 
as tested on more than 130 proteins. 



Tertiary structure prediction using contact profiles 

We have continued to develop the sequence-structure fit-
ness approach, first reported by Michael Scharf in his 
1989 diploma thesis, for prediction of three-dimensional 
structures. This conceptually new approach involves: 

(1) the description of protein structures in terms of contact 
interfaces; 

(2) the derivation of sequence preferences for 2 to 29 
contact interface types; 

(3) the generation of numerous hypothetical model struc-
tures by placing the input sequence into a large set 
of known three-dimensional structures in all possible 
alignments; 

(4) the evaluation of these models by summing up the 
sequence preferences over all structural positions; 

(5) the choice of predicted structures from among those 
with the best sequence-structure fitness. 

The predicted structures can be generated as full but ap-
proximate three-dimensional models. Systematic tests show 
that native sequences can very well detect their native struc-
tures, with correct alignments, and that contact interface pa-
rameters are not only clearly superior to classical secondary 
structure parameters but can be used also to predict aspects 
of tertiary structure (Ouzounis et al., in press). 

Bacterial cell cycle proteins with the actinlhsp70 fold 

The functionally diverse actin, hexokinase and hsp70 protein 
families have in common an ATPase domain of known 
three-dimensional structure. Optimal superposition of the 
three structures and alignment of many sequences in 
each of the three families has revealed a set of common 
conserved residues, distributed in five sequence motifs, 
which are involved in ATP binding and in a putative in-
terdomain hinge. From the multiple sequence alignment 
a pattern of amino-acid properties required at each po-
sition is defined. The discriminatory power of the pat-
tern is in part due to the use of several known three-
dimensional structures and many sequences and in part 
due to the "property" method of generalizing from observed 
amino-acid frequencies to amino-acid fitness at each se-
quence position. A sequence database search with this 
pattern significantly matches sugar kinases, such as fuco-, 
glucono-, xylulo-, ribulo-, and glycerokinase, as well as 
the prokaryotic cell cycle proteins MreB, FtsA and StbA. 
These are predicted to have subdomains with the same 
tertiary structure as the ATPase subdomains la and lIa 
of hexokinase, actin and hsp70, a very similar ATP bind-
ing pocket and the capacity for interdomain hinge motion 
accompanying functional state changes. These predictions 
of protein 3D structure are currently being tested by ge-
netic and biochemical experiments in collaboration with 
groups in Spain and Norway (reviewed in Holmes et al., 
in press). 

How does the switch II region of G-domains work? 

Guanine nucleotide binding proteins are involved in many 
important cellular functions. All of these proteins appear 

to have in common a GTPase domain, or G-domain, of 
similar three-dimensional structure, such as that seen in 
the crystal structures of p21 Ras proto-oncogene proteins 
and of elongation factor Tu. GTP hydrolysis appears to take 
these proteins from an active to an inactive state, as if a 
molecular "switch" were at work. We have modelled the 
switch II transition in molecular detail by building a model 
of p21 Ras complexed with GOP based on the structure 
of EF-Tu-GOP. The model suggests the following balance 
of interactions: GTP hydrolysis causes loss of interactions 
between the leaving phosphate and the loop L4. This loss is 
compensated for by the transfer of the Y64 side-chain into 
a specific cavity and by an N-terminal extension of helix 
a2, accompanied by a major reorientation of the helix. The 
conformational differences can be recognized by external 
partners in a manner specific to the GTP or GOP state 
of the protein. The most prominently exposed residues in 
the switch II region are: E62, E63, S65, A66, 069, Q70, 
R73, T74, R102, K104, 0105. These probably constitute 
an externally sensed specificity patch. Detailed study of 
molecules interacting with these residues will provide clues 
about the elusive messengers that are involved in the control 
and effect of the G-domain switch (Stouten et al., submit-
ted). 

Designing proteins 

Redesigning the topology of loop connections 
and the protein core 

The small bacterial protein Rop has been redesigned by 
altering the topology of loop connections and by turning 
a dimer into a monomer. X-ray data of crystals of this 
LmRop have confirmed the stability of the reengineered 
monomer which folds as predicted by computer methods. 
Mutations in the core present a more difficult computational 
problem. Several changes in the hydrophobic core have now 
been designed and are being expressed. A third type of 
design aims at functional properties: loop inserts into the 
Rop protein imported from other proteins. Crystals of one of 
these are being investigated by X-ray crystallography. 

De novo design of a ({3a)a-barrel 

The first significantly non-symmetrical de novo design of a 
(,Ba)a-barrel was that of a "TIM" barrel protein, RoRo. RoRo 
is based on the experience gained with earlier designs as a 
result of the 1986 Protein Design Workshop at EMBL. Gene 
synthesis of the new protein, RoRo, is in progress. 

Genome informatics 

Test case yeast chromosome III 

Anticipating the needs of genome projects, we analysed 
as a test case the 182 predicted protein products derived 
from the complete DNA sequence of yeast chromosome 
III, a result of the European yeast genome project. Adding 
up all previously available information and our results, the 
following emerges: as many as 42% of all proteins of yeast 
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PLATE 49 

Information clock of yeast chromosome III proteins. Information 
accumulated to date by all methods, experimental and theoretical. 
Information content increases counterclockwise. We found that it 
is possible to build reasonable 3D models of 14% of 182 proteins 
coded for by the chromosome. 

Known function 42% Unknown function 58% 

3D-structure and 
sequence family 

Sequence 
family 

@ 

Probably 
globular 

Composition 
biased 

chromosome III have a known or probable function and 
13% have an indirectly known three-dimensional structure 
(Plate 49). Extrapolating from chromosome III to the entire 
yeast genome, we can expect that the white, unchartered, 
areas cover about 1/2 of the protein function map and 6/7 
of the protein structure map. As genome projects pick up 
speed, there will be an increasing need to help explain the 
structure and function of thousands of new proteins and we 
are in the process of developing new informatics methods 
to address this need. 

Mobile modules and motifs in proteins 

More and more proteins are discovered to consist of com-
binations of functional domains, or modules, that nature 
uses in many different combinations. We have characterized 
several new families of such modules and helped identify 
the functon of numerous proteins as a result of searches in 
a library of module-specific patterns (Beckmann & Bork, in 
press; Bork, in press; Bork & Beckmann, in press; Bork & 
Koonin, submitted; Kolstoe et al., in press; Rhode & Bork, 
in press). 

Database searches on a 1024-processor 
parallel computer 

The homology search program MaxHom was implemented 
in an efficient way on massively parallel computers, in-
cluding a 1024-processor transputer machine. The paral-
lelization becomes possible as a result of a coarse-grained 
division of tasks and relatively low interprocessor commu-
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nication requirements. The same system was also ported 
to clusters of workstations, using the message parsing sys-
tems PVM, P4 and Express. First tests using PVM showed 
high efficiency: a speedup of 4.8 on 5 processors. The work 
was done in anticipation of the proposed acquisition of a 
parallel multicomputer at EMBL. 

New algorithms for searching 3D protein 
structure databases 

Protein structure comparison by alignment 
of distance matrices 

Structural similarity of a pair of proteins is easily recog-
nized by visual inspection of three-dimensional ribbon plots, 
two-dimensional distance matrices or, in favourable cases, 
an alignment of the amino-acid sequences. The detailed 
assignment of structurally equivalent residue pairs, how-
ever, is a non-trivial algorithmic problem when sequence 
similarity is weak. We have developed an algorithm that 
determines an optimal structural alignment of two proteins 
given their C",-C", distance matrices. The algorithm opti-
mizes a structural similarity score which is defined as a 
function of the relative differences of equivalent C",-C", 
distances. First, the distance matrices are decomposed into 
a set of elementary contact patterns, from which similar 
substructures are identified. Second, fragments in the el-
ementary contact patterns are combined to build up and 
refine alignments that maximize the similarity score, using a 
Monte Carlo algorithm. The method allows sequence gaps 
of any length and free topological connectivity of aligned 
segments, including matches in reversed chain direction. 
Sequential connectivity can be imposed, as an option. The 
comparison of pairwise relationships is less sensitive to 
geometrical distortions than rigid-body superimposition, and 
the results agree particularly well with intuitive notions of 
structural equivalence. For example, the method identifies 
the structural similarity of hen egg-white and T4 Iysozymes; 
of diverse ,8-barrels; of 0./,8 domains despite different topo-
logical connectivities; of variants of four-helix bundles; of 
unrelated (o.,8)s-barrels of triose phosphate isomerase type; 
and of actin, heat shock protein hsp70 and hexokinase, in 
spite of considerable interdomain motion. The alignments 
delineate common structural cores that are useful for model 
building by homology, for the analysis of protein evolution 
and folding, as well as for modular protein design. 

The globin fold detected in the 
bacterial toxin colicin A 

The novel algorithm has revealed a striking resemblance 
between the tertiary structures of the bacterial toxin col-
icin A and globins (Plate 50). The globin-like domain in 
colicin A contains all elements essential for the toxin's 
lethal ionophoric activity. The structural similarity between 
colicin A and globins is comparable to that between globins 
and phycocyan ins. This suggests that these three protein 
families, which have unrelated sequences and different func-
tional contexts, are an example of physical convergence to 
a stable folding motif, the three-on-three helical sandwich 
(Holm & Sander, 1993). 



PLATE 50 

A new method for three-dimensional alignment shows that the 
globin fold ((8); helices A-8-E-F-G-H in myoglobin) is contained 
in a fragment of the bacterial toxin colicin A ((A); helices 4-9). 
The common three-on-three helical sandwich appears to be a very 
stable folding arrangment. 
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Convergent evolution in sugar kinases 

Kinases that catalyse phosphorylation of sugars can be 
divided into at least three distinct non-homologous fam-
ilies. The first is the "hexokinase" family and contains 
many prokaryotic and eukaryotic sugar kinases with diverse 
specificities, including a new member, rhamnokinase from 
Salmonella typhimurium. The three-dimensional structure 
of hexokinase is known and can be used to build models 
of functionally important regions of other kinases in this 
family. The second is the "ribokinase" family, of unknown 
three-dimensional structure, and comprises pro- and eu-

karyotic ribokinases, bacterial fructokinases, the minor 6-
phosphofructokinase 2 from E.coli, 6-phosphotagatokinase, 
1-phosphofructokinase and, possibly, inosine-guanosine ki-
nase. The third family, also of unknown three-dimensional 
structure, contains several bacterial and yeast galactoki-
nases and eukaryotic mevalonate and phospho-mevalonate 
kinases and may have a substrate binding region in common 
with homoserine kinases. Each of the three families of 
sugar kinases appears to have a distinct three-dimensional 
fold, since conserved sequence patterns are strikingly dif-
ferent for the three families. Yet, each catalyses chemically 
equivalent reactions on similar or identical substrates. The 
enzymatic function of sugar phosphorylation appears to 
have evolved independently on the three distinct structural 
frameworks, by convergent evolution. In addition, evolution-
ary trees reveal that (1) fructokinase specificity has evolved 
independently in both the hexokinase and ribokinase fami-
lies and (2) glucose specificity has evolved independently in 
different branches of the hexokinase family. These are ex-
amples of independent Darwinian adaptation of a structure 
to the same substrate at different evolutionary times. The 
flexible combination of active sites and three-dimensional 
folds observed in nature can be exploited by protein engi-
neers in designing and optimizing enzymatic function. 

An effective solvation potential 
for molecular dynamics 

A new effective solvation potential based on occupied 
atomic volumes (occupancies) was developed for efficient 
use in molecular dynamics simulations of proteins. The 
new method describes protein-water interactions in terms 
of atomic solvation parameters, which represent the sol-
vation free energy per unit of volume. These parameters 
were determined for six different atom types, using ex-
perimental free energies of solvation. The method was 
implemented in the GROMOS and PRESTO molecular 
simulation program suites. Simulations with the solvation 
term require 20-50% more CPU time than the correspond-
ing vacuum simulations and are approximately 20 times 
faster than explicit water simulations. The method and 
parameters were tested by carrying out 200 ps simula-
tions of BPTI in water, in vacuo, and with the solva-
tion term. The performance of the solvation term was as-
sessed by comparing the structures and energies from 
the solvation simulations with the equivalent quantities de-
rived from several BPTI crystal structures and from the 
explicit water and vacuum simulations. The model struc-
tures were evaluated in terms of exposed total surface, 
buried and exposed polar surfaces, secondary structure 
preservation, number of hydrogen bonds, energy contri-
butions, and positional deviations from BPTI crystal struc-
tures. Vacuum simulations produced unrealistic structures 
with respect to all criteria applied. The structures result-
ing from the simulations with explicit water were closer to 
the 5PTI crystal structure, although part of the secondary 
structure dissolved. The simulations with the effective sol-
vation term produce structures that are normal accord-
ing to all evaluations and in most respects are remark-
ably similar to the 5PTI crystal structure despite consid-
erable positional fluctuations during the simulations. The 
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segments where the model and crystal structures differ are 
known to be flexible and the observed difference may be 
physically realistic. The effective solvation term based on 
occupancies is not only very efficient in terms of com-
puter time but also results in meaningful structural prop-
erties for BPTI. It may therefore be generally useful in 
molecular dynamics of macromolecules (Stouten et a/., in 
press). 

Assessing the quality of protein models 

Validation software for 
Protein Data Bank coordinates 

A collaborative effort between several groups in Europe and 
the Brookhaven Protein Data Bank (PDB) was started. It has 
been forecasted that by the year 2000 more than twenty five 
new structures will be deposited in the PDB every day. The 
aim of the collaborative effort is to design tools to facilitate 
the administration and checking of such large numbers of 
protein structures. Our contributions in this collaboration 
will be provided in the WHAT IF program system which 
is being restructured to give quick access to all options 
that detect and possibly correct errors in protein models 
(Vriend & Sander, 1993). As a service to the crystallographic 
community we run, upon request, all our checking options 
on structures to be deposited in the PDB soon. Several 
crystallographers at EMBL used this service, and benefitted 
from it. 

Atomic solvation preference 

Important properties of globular proteins, such as the 
stability of the folded state, depend on interactions with 
solvent molecules. An excluded volume approximation to 
protein-solvent interaction, the solvent contact model, was 
used to derive atomic solvation preference parameters 
from a database of known protein structures. The abil-
ity of solvation preference to discriminate between cor-
rect and incorrect three-dimensional structures for a given 
sequence or to identify the correct sequence placement 
in a given structure was tested. Backbone coordinates 
were taken from experimentally known structures or hypo-
thetical models and side-chain conformations (in rotamer 
space) were optimized by an efficient Monte Carlo al-
gorithm using simulated annealing and simple potential 
functions. Discrimination by solvation preference was very 
clear between deliberately misfolded and correct globular 
models as well as between native-like and non-native-like 
topologies of combinatorially generated myoglobin models. 
Due to its statistical nature, the evaluation works best on 
entire protein models while the identification of incorrect 
parts of models is more difficult. In one case locally in-
correct chain tracing in a crystal structure was identified. 
The method is computationally fast compared to meth-
ods based on surface area calculations and is recom-
mended for use as a diagnostic tool in model building 
by homology, in folding simulations and in protein de-
sign. 
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Structure of the endocytosis signal 
PGYRHV by NMR 

The internalization signal of lysosomal acid phosphatase 
is located in its 19-residue cytoplasmic tail. The signal is 
concentrated in a few residues. The peptide 41 O-PPGY -413 
forms a well-ordered .a-turn in solution. NMR and in vivo 
studies of mutants of this loop, in collaboration with C. 
Peters and K. Figura, Gi:ittingen, lead to the suggestion that 
tyrosine is required for stabilization of the tight turn and that 
the aromatic ring system of this residue is a contact point to 
the putative cytoplasmic receptor. 

The molecular modelling expert system WHAT IF 

During 1992 the work on the molecular modelling and pro-
tein structure analysis program WHAT IF has been con-
tinued. A machine-independent graphics library was writ-
ten which in principle allows us to run WHAT IF on all 
computers with bitmap screens. The integration of WHAT 
IF into the BRUKER software environment is nearing its 
completion. Several new options have been added in 1992: 
(1) tools to aid with modelling from minimal data as well 
as several tools to check the quality of protein structures, 
used also by other groups at EMBL; (2) several NMR 
specific options, in collboration with the NMR groups at 
EMBL; and (3) a new module for model building by homol-
ogy, based on position-specific rotamers, which produces 
much better models (lower root mean square deviation 
between model and known structure) than any method 
described to date. Overall, the main emphasis in the WHAT 
IF project has been on the accessibility of the many of the 
close to two thousand options to users. The on-line HELP 
facilities were improved, and the documentation rewrit-
ten. 

Prediction and experimental verification of 
mutant properties of neutral proteases 

In collaboration with V. Eijsink (University of Groningen, 
the Netherlands) the thermostability of neutral proteases 
was studied. The mutants that were predicted in 1991 to 
make an extremely stable protease were almost all pro-
duced, and we are not far away from our initial goal, a 
protease that is stable at 100° C. The thermostability of 
neutral proteases is determined by local unfolding pro-
cesses that are followed by autolitic digestion. It is there-
fore not possible to use the normal rules of thermodynam-
ics to explain the observed differences in stability. How-
ever, the irreversible nature of the process has allowed us 
to propose a theory for the early steps in the unfolding 
process of these proteases. Several mutants were pro-
duced that showed large non-additive thermostability ef-
fects to confirm this theory. The plans for the future are 
to use our deepened understanding of these molecules to 
create new proteases with altered specificities (Eijsink et 
a/., in press; Hardy et a/., in press; Vriend & Eijsink, in 
press). 



How does uteroglobin bind progesterone? 

The binding of progesterone to uteroglobin is being studied 
in collaboration with G. Suske (University of Marburg, Fed. 
Rep. Germany). In 1991 we determined the residues re-
sponsible for progesterone binding, and the mode of entry 
of progesterone into the central cavity of the uteroglobin 
dimer. This year we determined the relative importance of 
the individual amino-acids to the binding of progesterone. 
To do so, a uteroglobin monomer had to be produced 
first, because otherwise every mutation occurs twice in the 
assembled dimer. The sequence GGPPTPGG was chosen 
as a linker because it fits well and because a protease is 
available that can specifically cleave this sequence. The 
linker was shown to be well designed: it does not alter 
any of the molecular characteristics of the molecule in an 
unexpected manner. Using the single-chain uteroglobin, we 
find that the asymmetric progesterone molecule most likely 
binds in only one way in the two-fold symmetric uteroglobin 
molecule. 

Modelling seven helix trans-membrane bundles 

Trans-membrane seven helix bundles form a large family 
of membrane inserted receptors and are responsible for 
a wide range of biological functions. Experimental data 
suggest that their overall structure is similar to bacteri-
orhodopsin. We have developed a new approach for the 
modelling of trans-membrane seven helix bundles based on 
statistically derived environmental preference parameters 
combined with experimentally determined features of the 
receptors. The method was used to create a model for the 
human ,B2-adrenoreceptor. This model is physically plau-
sible, is in reasonable agreement with experimental data, 
and may be helpful in planning new receptor engineering 
experiments. We have now assembled and aligned almost 
two hundred sequences, using this approach, and models 
for these molecules are presently being constructed. The 
first experimental results aimed at the verification of the 
models are encouraging. 

Software and databases 

Software and derived protein data are made available to the 
scientific community. Most of these can be obtained through 
the EMBL file server (Netserv@Embl-Heidelberg.De) and 
via anonymous ftp (ftp.embl-heidelberg.de) from the directo-
ries /pub/databases/protein_extras and /pub/software/unix. 
WHAT IF Molecular modelling, database searches 

and drug design 
DSSP Database of protein secondary 

structures 
HSSP Database of structural families based 

on 1 D homology 
FSSP Database of structural families based 

on 3D comparison 
PDB_ SELECT Lists of representative protein 

structure data sets 
PROTQUIZ Unified protein 1 D-3D view 

under X-Windows 

MAXSPROUT Automatic model building from a CO: trace 
and Monte Carlo side-chain optimization 

compute services: predictions and 
3D database searches 

Protein secondary structure prediction 

Service for those with a new protein sequence. The better-
than-70% secondary structure prediction method is avail-
able to academic researchers via electronic mail, with the 
support of the Computer Group. Researchers can send 
in their new protein sequence to PredictProtein@Embl-
Heidelberg.de and, if homologues exist, obtain a multiple 
sequence alignment and a secondary structure prediction 
by return electronic mail. 

Scanning the Protein Data Bank for 
structural similarities 

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

Other projects and collaborations 

EMBnet: Network for Molecular Biology in Europe - with the 
Computer and Data Library Groups at EMBL, C. Saccone, 
Bari, and EMBnet nodes in the EMBL Member States. 

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

Development of an integrated protein database - with 
groups in Brussels, London and Aberdeen as well as in 
Boston and Kyoto. 

Mutation planning for DnaK, FtsA and MreB proteins - with 
groups at Heidelberg, Madrid and Oslo. 

Protein engineering of od,B proteins - with L. Serrano, 
EMBL. 

Crystal structure of a small cell cycle protein - with G. 
Draetta, G. Basi, P. Tucker & D. Tsernoglou, EMBL. 

Crystal structure of engineered Rop protein variants - with 
D. Tsernoglou & P. Tucker, EMBL and the group of H. 
Blocker, GBF, Braunschweig. 

Folding of de novo designed TIM barrels - with the group 
of H. Fritz, Gottingen and of F.X. Schmid, Bayreuth. 

Analysis of Rab proteins - with the groups of M. Zerial & K. 
Simons, EMBL. 

Analysis of functional residues in protein kinases - with J. 
Sowadski & S. Taylor, San Diego. 
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Analysis of residue conservation patterns in protein families 
- with I. Shindyalov, Columbia University, New York. 

Evolution of fibronection 3 domains - with R.F. Doolittle, San 
Diego. 

Application of neural networks to protein-cofactor interac-
tion - with M. Linschoten & G. Dijkstra, Duphar, Weesp, the 
Netherlands. 

Structure-stability relations of lipases and sequence-
specificity relations of carboxipeptidases - with D. Hendriks 
& S. Scharpe, UIA, Antwerp, Belgium. 

Unfolding of surface loops - with R. Wade, EMBL & H. 
Berendsen, Groningen, the Netherlands. 

Homeodomain-DNA interactions - with H.R. Schoeler & W. 
Peter, EMBl. 

Building of 3D protein models by homology. For several 
groups at EMBL, e.g. J. Gruenberg, H. Stunnenberg. 

Structure of snake toxins - with Y. Mascarenhas, San 
Carlos, Brazil. 

Publications during the year 

Bork, P. (1992). Mobile modules and motifs. Curro Opin. 
Struct. Bioi., 2, 413-421 

Bork, P. (1992). The modular architecture of vertebrate 
collagens. FEBS Lett., 307, 49-54 

Bork, P. & Doolittle, R.F. (1992). Proposed acquisition of an 
animal protein domain by bacteria. Proc. Natl. Acad. Sci, 
USA, 89, 8990-8994 

Bork, P., Ouzounis, C., Sander, C., Scharf, M., Schneider, 
R. & Sonnhammer, E. (1992). What's in a genome? Nature, 
358, 287 

Bork, P., Ouzounis, C., Sander, C., Scharf, M., Schneider, 
R. & Sonnhammer, E. (1992). Comprehensive sequence 
analysis of the 182 predicted ORFs of yeast chromosome III. 
Prot. Sci., 1, 1677-1690 

Bork, P. & Sander, C. (1992). A large domain common to 
sperm receptors (Zp2 and Zp3) and TGF-,8 type III receptor. 
FEBS Lett., 300, 237-240 

Bork, P., Sander, C. & Valencia, A. (1992). An ATPase 
domain common to prokaryotic cell cycle proteins, sugar 
kinases, actin, and hsc70 heatshock proteins. Proc. Natl. 
Acad. Sci, USA, 89, 7290-7294 

Bork, P., Sander, C., Valencia, A. & Bukau, B. (1992). A 
module of the dnaJ heat shock proteins found in malaria 
parasites. TlBS, 17, 129 

116 

Eberle, W., von Figura, K. & Peters, C. (1992). The inter-
nalization signal in the cytoplasmic tail of lysosomal acid 
phosphatase consists of the hexapeptide PGYRHV. EMBO 
J., 11, 4391-4399 

Eijsink, V.G.H., Dijkstra, BW., Vriend, G., v.d. Zee, J.R., 
Veltman, O.R., v.d. Vinne, B., v.d. Burg, B., Kempe, S. & 
Venema, G. (1992). The effect of cavity-filling mutations 
on the thermostability of Bacillus stearothermophilus neutral 
protease. Prot. Engineering, 5, 421-426 

Eijsink, V.G.H., Vriend, G., v.d. Burg, B., v.d. Zee, J.R., Velt-
man, O.R., Stulp, B.K. & Venema, G. (1992). Introduction of 
a ten residue ,8-hairpin in Bacillus subti/is neutral protease. 
Prot. Engineering, 5,157-163 

Eijsink, V.G.H., Vriend, G., v.d. Burg, B., v.d. Zee, J.R. 
& Venema, G. (1992). Increasing the thermostability of a 
neutral protease by replacing positively charged amino-
acids in the N-terminal turn of a-helices. Prot. Engineering, 
5, 165-170 

Eijsink, V.G.H., Vriend, G., v.d. Vinne, B., Hazes, B., v.d. 
Burg, B. & Venema, G. (1992). Effects of changing the in-
teraction between domains on the thermostability of bacillus 
neutral proteases. Proteins, 14, 224-236 

Eijsink, V.G.H., Vriend, G.J.R., v.d. Zee, B., v.d. Burg, 
G. & Venema, G. (1992). Increasing the thermostability 
of the neutral protease of Bacillus stearothermophilus by 
improvement of internal hydrogen bonding. Biochem. J., 
285, 625-628 

Hendriks, D., Vingron, M., Vriend, G., Wang, W., Nalis, D. 
& Scharpe, S. (1992). Comparative molecular modelling of 
the active site of human kininase I. Agents and Actions. 
Supplement. Birkhauser, Basel, I 

Hendriks, D., Vingron, M., Vriend, G., Wang, W., & Scharpe, 
S. (1992). Model building of the enzymatically active subunit 
of human serum carboxypeptidase N. Arch. Intern. Physiol., 
Biochim. et Biophys., 100, 13 

Hobohm, U., Scharf, M., Schneider, R. & Sander, C. (1992). 
Selection of representative protein data sets. Prot. Sci., 1, 
409-417 

Holm, l., Ouzounis, C., Sander, C., Tuparev, G. & Vriend, 
G. (1992). A database of protein structure families with 
common folding motifs. Prot. Sci., 1, 1691-1698 

Holm, l. & Sander, C. (1992). Fast and simple Monte Carlo 
algorithm for side-chain optimization in proteins: application 
to model building by homology. Proteins, 14, 213-223 

Holm, l. & Sander, C. (1992). Evaluation of protein models 
by atomic solvation preference. J. Mol. Bioi., 225, 93-105 

Mascarenhas, Y.P., Laure, C.J., Stouten, P. & Vriend, G. 
(1992). Structure function relation for crotoxin from Crotalus 
durissus terificus. G. Eur. Biophys. J., 21, 199-205 



Narahara, A., Naterstad, K., Gronstad, A., Kristensen, T., 
Lopez, R., Bork, P. & Kolsto, A.-B. (1992). Cloning of a 
gene from Bacillus cereus with homology to the mreb gene 
of E.coli. Gene, 122, 181-185 

Ouzounis, C. & Sander, C. (1992). TFIIB, an evolutionary 
link between the transcription machineries of archaebacteria 
and eukaryotes. Cell, 71,189-190 

Palme, K., Diefenthal, T., Vingron, M., Sander, C. & Schell, 
J. (1992). Molecular cloning and structural analysis of genes 
from zea mays coding for members of the Ras-related YPT 
gene family. Proc. Nat!. Acad. Sci, USA, 89, 787-791 

Peter, W., Dunkel, R., Stouten, PW.F., Vriend, G., Beato, 
M. & Suske, G. (1992). Interchain cysteine bridges control 
entry of progesterone to the central cavity of the uteroglobin 
dimer. Prot. Engineering, 5, 351-359 

Rost, B. & Sander, C. (1992). Jury on structure prediction. 
Nature, 360, 540 

Sancho, J., Serrano, L. & Valencia, A. (1992). Diseno e 
ingenieria de proteinas. In Ingenieria Genetica: ed. Vicente, 
M.; CSIC, Spain 

Sander, C., Scharf, M. & Schneider, R. (1992). Design 
of protein structures. In Protein Engineering: A Practical 
Approach; eds. Rees, A.R., Sternberg, M.J. & Wetzel, R.; 
Oxford University Press, pp. 89-115 

Sander, C., Schneider, R. & Stouten, P. (1992). The human 
genome and high performance computing in molecular bio-
logy. In Supercomputer 1992: ed. Meuer, HW.; Springer 
Verlag, Berlin, pp. 32-48 

Sander, C., Vriend, G., Bazah, F., Horovitz, A., Nakamura, 
H., Ribas, L., Finkelstein, A.V., Lockhart, A., Merkl, R., 
Perry, L.J., Emery, S.C., Gaboriaud, C., Marks, C., Moult, 
J., Verlinde, E., Ebenhard, M., Elofsson, A., Hubbard, T.J.P., 
Regan, L., Banks, J., Jappelli, R., Lesk, A.M. & Tramontano, 
A. (1.992). Protein design on computers. Five new proteins: 
Shpilka, Grendel, Fingerclasp, Leather and Aida. Proteins, 
12, 105-110 

Sixma, T.K., Pronk, S.E., Terwisscha, A.C., Aguirre, A., 
Kalk, K.H., Vriend, G. & Hoi, W.G.J. (1992). Native non-
isomorphism in the structure determination of heat-labile en-
terotoxin (LT) from E.coli. In Isomorphous Replacement and 
Anomalous Scattering. Daresbury: eds. Wolf, W., Evans, 
P.R. & Leslie, A.GW.; pp. 133-140 

Stouten, P.FW., Sander, C., Ruigrok, RW.H. & Cusack, 
S. (1992). New triple-helical model for the shaft of the 
adenovirus fibre. J. Mol. Bioi., 226, 1073-1084 

Stouten, P. & Vriend, G. (1992). How to extract non-trivial 
information from protein structure and sequence data: The 
SCAN3D retrieval system. Chem. Des. Autom. News, 7/5, 
18-23 

Tuparev, G. Vriend, G. & Sander, C. (1992). GCI, a network 

server for interactive 3D graphics. J. Mol. Graph., 10, 12-16 

Vriend, G. & Stouten, P. (1992). Prediction of a protein 
structure based on sequence. Chem. Des. Autom. News, 
7/3,27-30 

Other references 

Beckmann, G. & Bork, P. (1993). TlBS, in press 

Bork, P. (1993). In Informatik aktuell: Bioinformatik Bonn 
1993 ed. Hofestaedt, R.; Springer Verlag, in press 

Bork, P. & Beckmann, G. J. Mol. Bioi., submitted 

Bork, P. & Koonin, E. Nucl. Acids. Res., submitted 

Bork, P., Sander, C. & Valencia, A. (1993). Prot. Sci., 2, 
31-40 

Cronet, P., Sander, C. & Vriend, G. (1993). Prot. Engineer-
ing, 6, in press 

Eijsink, V.G.H., Hardy, F., v.d. Vinne, B., v.d. Burg, B., 
Veltman, O.R., Venema, G. & Vriend, G. (1993). Prot. Engi-
neering, in press 

Eijsink, V.G.H., Vriend, G., Hardy, F., Veltman, O.R., v.d. 
Vinne, B., v.d. Burg, B., Dijkstra, BW., v.d. Zee, J.R. & Ven-
ema, G. (1993). In Stability and stabilization of Enzymes: 
eds. v.d. Tweel, W.J.J. et al.; Elsevier, in press 

Hardy, F., Vriend, G., Veltman, O.R., Venema, G., & Eijsink, 
V.G.H. (1993). FEBS Lett., in press 

Holm, L. & Sander, C. (1993). Nature, 361, 309 

Holm, L. & Sander, C. (1993). FEBS Lett., 315, 301-306 

Holm, L. & Sander, C. (1993). J. Mol. Bioi., in press 

Holmes, C., Sander, C. & Valencia, A. (1993). Trends in Cell 
Bioi., in press 

Kolstoe, A.-B., Bork, P., Gronstad, A., Kristensen, T. & 
Sander, C. (1993). J. Mol. Bioi., 230, in press 

Ouzounis, C., Sander, C., Scharf, M. & Schneider, R. 
(1993). J. Mol. Bioi., in press 

Rost, B., Schneider, R. & Sander, C. (1993). TlBS, in press 

Rohde, K. & Bork, P. (1993). CABIOS, in press 

Rost, B. & Sander, C. (1993). Proc. Nat!. Acad. Sci, USA, 
submitted 

Rost, B. & Vriend, G. (1993). Chem. Des. Autom. News, 8, 
24-27 

Stouten, P., Froemmel, C., Nakamura, H. & Sander, C. 
(1993). Mol. Simulation, in press 

Vriend, G. & Eijsink, V.G.H. (1993). J. Camp. Aided Mol. 
Design., in press 

Vriend, G. & Sander, C. (1993). J. Appl. Cryst., 26, 47-60 

117 



Sequence and structure analysis of proteins and genes 

Group leader: P. Argos 

Scientist: R. Abagyan 

Fellows: G. Chelvanayagam, T. Dandekar, F. Eisenhaber, F. Eisenmenger*, D. Frishman, 
S. Hubbard, A. Juffer*, P. Lijnzaad, P. Mehta, B. Persson* 

Visitors: D. Bordo*, R. Bringas, G. Canuti*, C. Daffner*, M. Fossati*, D. Kuznetsov, 
S. Pascarella*, M. Totrov 

Assistants: T. Etzold, K.-H. Gross*, J. Heringa, G. Vogt 

The research group focuses on the theoretical analysis of 
the sequence and structure of proteins and genes. The 
work begins with examination of sequence and structure 
databases to elicit basic structural and folding principles 
and then attempts to move forward to the ultimate goal 
of predicting tertiary structure from only a knowledge of 
the primary sequence. The specific projects of 1992 are 
described within this wider framework. 

Sequence analysis and techniques 

A sensitive technique for protein sequence motif recognition 
based on neural networks has been developed. From a 
multiple alignment of protein sequences, the relevant sub-
sequence motifs are first delineated by training individual 
neural networks for every possible set of matched oligopep-
tides with given length over the entire multiple alignment. 
The subsequence regions that are best identified by their 
associated neural nets are defined as the conserved mo-
tif regions in the overall alignment. An entire sequence 
database can subsequently be searched by submitting ev-
ery database oligopeptide of given length to the motif nets 
and the network outputs noted. Those sequences with suffi-
cient positive response from the individual pattern nets taken 
in the proper sequential order are then identified as distantly 
related members of the original family. The motif nets can 
then be retrained and made more sensitive in the light of the 
newly found subsequences. A database search can then be 
reinitiated in an attempt to discover even more distant family 
members. 

This methodology is intended for sensitive sequence com-
parisons where little overall similarity is detectable except for 
a few conserved regions. For very distantly related proteins, 
searching a large database with neural networks trained 
to recognize only motifs results in better recognition of 
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distant sequences as compared with PROFILE-like algo-
rithms which are vulnerable to difficulties in correctly aligning 
largely dissimilar structures, reliant on the constrained size 
of insertions and deletions, sensitive to selected gap penalty 
values which affect the alignment, and yield alignment as-
sessments considerably based on nonconserved regions in 
the distant sequences. The motif/neural net method is inde-
pendent of these factors providing the multiple alignment 
procedures or the researcher can at least recognize the 
conserved subsequences. 

Sequence fragment motifs conserved in many viral and 
host polymerase primary structures were aligned. These 
sequence spans have been shown critical for polymerase 
structural stability and functional attributes. Such residue 
conservations allowed suggestions that many polymerases, 
both DNA- and RNA-directed, share the same overall ter-
tiary fold in their polymerizing domain. Phylogenetic trees 
based upon the motif relationships were used to trace 
possible divergent evolutionary development amongst these 
very critical biomacromolecules. It was interestingly found 
that one DNA-dependent RNA polymerase family was more 
closely related to a DNA-dependent DNA polymerase group 
than were other DNA-dependent DNA-polymerases families 
to the latter. 

A program OBSTRUCT has been developed to obtain the 
largest possible subset according to specific constraints 
from a set of protein sequences whose tertiary struc-
tures have been determined crystallographically. The user 
can request a range in sequence similarity level and/or 
structural resolution. The program optionally includes se-
quences with known three-dimensional folds elicited from 
NMR data. The largest sequence clique is found using 
a graph-theoretical approach with computational times ac-
ceptable for the present database size despite the NP-
complete nature of the problem. 
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Handling large biological databases 

A sequence retrieval system (SRS) has been developed 
as an information indexing and retrieval system (Plate 51) 
designed for libraries with a flat file format such as the 
EMBL nucleotide sequence databank, the SwissProt pro-
tein sequence databank or the Prosite library of protein 
subsequence consensus patterns. SRS supports the data 
structure of these libraries by providing special indices for 
implementing lists of subentities (e.g. feature tables) or 
hierarchically structured data-fields (e.g. taxonomic classi-
fication). A language (ODD) has been designed for the 
convenient specification of library format and organization, 
representation of individual data-fields within the system 
(design of indices), and structuring other data needed during 
retrieval. This ensures flexibility required for coping with all 
the different library formats subject to continuous change. 
Queries and inspection of retrieved entries can be per-
formed from a user interface with pull-down menus and 
windows. SRS supports various input and output formats 
but is particularly well adapted to the GCG programs. 

SRS is now also able to build indices using cross-references 
that most libraries provide. Thirty libraries of DNA and pro-
tein sequences and structures have been selected. These 

File-access 

Length 

Sequence 

/;:/' '-'-'0, 

.. feature '/ 
table .. 

<>" </ 
n 

I-
i Symbol 

m 

Sequence 

Complete 

Meaning 

Entity Type 

Weak Entity Type 

Relationship Type 

Identifying Relationship 
Type 

Attribute 

Multivalued Attribute 

Key Attribute 

Transient Attribute 

Cardinality Ratio 

Optional Attribute or 
Relationship 

libraries interact with at least one other by means of cross-
references. Indexing these cross-references allows a com-
plete network of libraries to be built. In the network an entry 
from one library can be linked in principle to every other 
library. If two libraries are not directly cross-referenced, 
the linkage can be made with a succession of single links 
between neighbouring, cross-referenced libraries. A new 
operator has been added to the query language of SRS 
for convenient specification of links amongst complete li-
braries or entry sets generated by previous queries on 
particular libraries. All the information in the network can 
nOw be used to retrieve an entry in a specific library; for 
instance, the full information given in amino-acid sequence 
entries from Swiss Prot can nOW be used to retrieve re-
lated tertiary structure entries from PDB. Furthermore, a 
search in a single library can be extended to a search in 
the complete library network; for instance, all entries in all 
databases pertaining to elastase can be found. The user 
can even link his own output files resulting from homology 
searches such as FASTA, BLAST and PROFILESEARCH to 
the library network and navigate from a reported homology 
to any library providing information about the putatively 
homologous sequences. The system has been installed 
at EMBL for public use and the software is freely avail-
able. 
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Utilization of specially architectured computers 

The new Digital MasPar, a parallel SIMD computer with 
4096 processors each with 64 kBytes of local memory, has 
been examined for its feasible use in different molecular 
biological applications. An enhanced version of a sequence 
database search program, based on neural networks trained 
on motifs taken from a set of multiply aligned sequences 
(vide supra), was effected on the MasPar. It was found to 
be nearly 15 times faster in neural net processing speed 
and 40 times faster in searching databases than that of the 
sequential program version running on the EMBL VAX 9000 
mainframe. Such results point to the importance of the 
MasPar and parallel computers in biocomputing tasks. 

Principles of protein folding 

The anatomy of 25 structures containing a jellyroll motif, 
consisting of eight anti parallel ,a-strands forming a so-called 
,a-barrel, was investigated. This involved performing a care-
ful structural alignment based on hydrogen bonds for the 
equivalent regions of the tertiary folds and a subsequent 
analysis of conserved amino-acids; equivalenced residue-
residue contacts; and various parameters describing the 
size, shape and other geometrical characteristics of these 
regions. It was found that the jellyroll motif is best viewed as 
a two-sheet wedge structure rather than a barrel. The more 
conserved parameters were noted. A model of evolutionary 
development for the jellyroll fold in the various protein and 
viral structures has been proposed starting from oligomers 
to T=3 viral capsids. 

A comprehensive analysis of intramolecular cavities in pro-
tein structure has been made from a non-redundant dataset 
of protein structures extracted from the PDB databank. 
Cavities were defined using the PQMS accessible surface 
calculation program of M. Connolly with a 1.4 A probe, 
producing some 350 intramolecular cavities for analysis. 
Protein cavities are genuine structural features, widespread 
throughout proteins of all sizes and resolutions. No cor-
relation between resolution and number or size (average 
or total) of cavities was observed, indicating that they are 
not artefacts of structure determination at low resolution. 
Cavities were found to range in size up to approximately 
150 A3 in volume, although most occupy less than 50 A3. 
They were further characterized into 3 categories: solvated, 
empty and unknown (where no solvent structure is listed for 
the given protein). Solvated cavities were found to be much 
more polar than empty ones; on average 50% of their cavity 
surface was contributed by polar atoms, as compared to 
only 20% for empty cavities. Ignoring the cavity solvent, the 
polar atoms in solvated cavities are poorly hydrogen bonded 
as compared to other polar atoms in protein structures 
and thus clearly require the presence of solvent to satisfy 
their hydrogen bonding potential. Other features considered 
included shape, position, conservation in protein families, 
and flexibility and polarity of cavities. 

The distribution of sidechain conformations in crystal struc-
tures of globular proteins was analysed using a non-
homologous dataset of highly resolved and well refined 

120 

protein structures. This distribution and its relationship to 
a discrete set of states (rotamers) was investigated. Origi-
nally, rotamers were defined as sidechain torsion (X-angle) 
combinations corresponding to the local minima of potential 
energy (van der Waals and torsion terms) for the sidechain 
of a terminally blocked amino-acid. If at least one x-angle 
differed by more than 20· from that of a rotamer, the 
sidechain was considered as deviant both from energetic 
(increase in potential energy of no less than 1-2 kcal/mole) 
and geometric (precision of atom positioning is worse than 
0.5 A) aspects. It was found that large deviations from 
rotameric X-values occur systematically and cannot be at-
tributed merely to errors in crystal structure determination. 
The "rotamericity" (the fraction of residues within ±20· of the 
X-angles of a rotamer) not only remains substantially below 
100% (70-95% for various amino-acids) with improving 
crystallographic resolution but actually decreases for 8 out of 
17 amino-acid types after a critical resolution limit is crossed 
near 1.6 A. This effect has been observed for external as 
well as for internal residues. 

The deviations in regions of regular mainchain structure 
from the average g-:tg+ relationship in the X1-angle be-
come much more evident if, in addition to the typical sec-
ondary structure assignments, the actual backbone torsion 
angles of the residue are taken into account. In X-helices 
the tg+ distribution in the x1-angle correlates with physical 
properties describing volume, extension and flexibility of 
the sidechain. In ,a-strandS the factors influencing the tg+ 
distribution in the X1-angle are the polarity and hydropho-
bicity of the sidechain. A substantial number of amino-acid 
sidechains are under strain. Apparently, the relaxation of 
some sidechains is sacrificed for a global minimum of free 
energy to be achieved at a higher organizational level in-
volving the protein fold. A similar observation has also been 
made for the mainchain conformation. The results are rele-
vant for the development of algorithms that model proteins 
using restricted scanning of the torsion angle space. 

Protein modelling 

Protein homology modelling typically involves the prediction 
of sidechain conformations in the modelled protein while 
assuming a mainchain trace taken from a known tertiary 
structure of a protein with homologous sequence. It is 
generally believed that the need to examine all possible 
combinations of sidechain confirmations poses the major 
obstacle to accurate homology modelling. Methods pro-
posed heretofore use only discrete or limited searches of 
the sidechain torsion angle space to mitigate the combina-
torial problem and also rely on simplified energy functions 
for calculational speed. The configurational constraints are 
typically based upon use of frequently observed torsion an-
gles, fixed steps in torsion angles, or oligopeptide segments 
taken from tertiary structural databanks similar in sequence 
and conformation with the target fold. A more fundamental 
approach has been-explored for several protein structures 
and it has been demonstrated that the combinatorial bar-
rier in sidechain placement hardly exists. Each sidegroup 
can be configured individually in the environment of only 
the backbone atoms using a systematic search procedure 



combined with extensive local energy minimization. Tests, 
using the mainchain or both the mainchain and remaining 
sidechain atoms to calculate low energy geometries for 
each residue, established the dominance of the mainchain 
contribution. The final structure is achieved by combining 
the individually placed sidechains followed by a full en-
ergy refinement of the structure. The prediction accuracy of 
the present homology modelling technique was assessed 
relative to other automated procedures and was found to 
yield improved predictions relative to the known sidechain 
conformations determined by X-ray crystallographic tech-
niques. 

The free energy of the interaction of a macromolecule may 
be, at least partially, represented as a surface energy term. 
From the viewpoint of molecular mechanics, analytic surface 
calculation algorithms are attractive because they not only 
allow the computation of the accessible surface with high 
accuracy but also the determination of the derivatives of the 
surface with respect to atom coordinates. An analytic algo-
rithm was developed that is free from numerical instability at 
various topologically degenerate situations. The formulas for 
the analytical gradient of the surface elements with respect 
to the internal coordinates of a molecule (bond lengths, 
valence angles and torsion angles) were derived. 

The internal coordinate modelling (ICM) methodology is a 
powerful approach for modelling multimolecular, partially 
constrained systems using both energy terms and artifi-
cial penalty terms such as "soft" van der Waals, distance 
and variable restraints. In collaboration with Toby Gibson 
and Julie Thompson at EMBL, ICM was applied to mod-
elling the dimeric helix-loop-helix domain of the E47 eu-
karyotic gene regulatory protein. The individual 64-residue 
domains were built on the basis of proposed restraints; 
then two rigid molecules were docked by a Monte Carlo-
minimization procedure, and, finally, superhelical wrapping 
and sidechain energy optimization were carried out. The 
model pointed to possible residues important for interaction 
with the DNA. 
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Biomolecular interactions are the main focus of this research 
group. Aspects studied range from simulations of the diffu-
sive approach of a substrate towards an enzyme, through 
calculations of binding constants for protein ligands and the 
development of methods to predict binding sites on proteins, 
to the design of potential therapeutic agents to act by binding 
to a particular target protein. Both protein-small molecule 
and protein-protein interactions are investigated, as well 
as the effects of protein mutations on these interactions. 
These studies demand the development and application of a 
variety of theoretical and computational approaches includ-
ing molecular and Brownian dynamics simulations, neural 
networks, continuum electrostatics, molecular mechanics 
and computer graphics. 

Brownian dynamics simulations of 
enzyme-substrate diffusional encounter 

The activity of many enzymes has been shown to be influ-
enced by diffusion. Triose phosphate isomerase (TIM) is an 
intensively-studied diffusion-controlled enzyme which has 
the interesting feature of flexible peptide loops which close 
over its active sites on substrate binding. In collaboration 
with J.A. McCammon's group (Houston), we have carried 
out Brownian dynamics simulations of the association of the 
enzyme and its substrate, glyceraldehyde 3-phosphate, to 
calculate its enzymatic rate constant. In these simulations, 
many trajectories (Plate 52) are generated for the substrate 
moving in the presence of the electrostatic field of the 
enzyme, and thus, the probability of the substrate reaching 
one of the two active sites of the dimeric enzyme can be cal-
culated. Due to the long timescales of substrate diffusion, it 
is usually necessary, in such calculations, to adopt a simple 
model of the substrate and to assume that the target enzyme 
is completely rigid. In our studies, we have, for the first time, 
been able to examine some of the effects of substrate struc-
ture and protein mobility on the rate constant. By modelling 

the substrate as an asymmetric dimer, both translational and 
rotational steering of the substrate into the active sites by 
the enzyme's electrostatic field was demonstrated (Luty et 
al., 1993). To investigate whether the flexible loops affect 
the rate constant either by gating the active sites or by 
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a simulated trajectory of a substrate molecule diffusing towards the 
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"scooping" the substrate into the active sites. The diffu-
sive motion of the flexible peptide loops of the enzyme 
was simulated (Plate 53). It was shown that they could 
gate the active sites with a period of about 1 ns (Wade 
et al., 1993). This period is such that the loops do not 
hinder access of the substrate to the active site. This is 
because the characteristic diffusion time required for the 
substrate to explore the volume around the enzyme is much 
longer (analytically estimated as about 16 ns). These simu-
lations suggest that the flexible loops, which are necessary 
for catalysis, have evolved so as to minimize the poten-
tially adverse affects associated with gating of the active 
sites. 

Electrostatic properties of enzymes 

Electrostatic properties playa crucial role in the long- and 
short-range interactions of proteins. For the simulations de-
scribed in the previous section, the electrostatic interactions 
were important and were computed using a finite difference 
method to solve the Poisson-Boltzmann equation as imple-
mented in the University of Houston Brownian dynamics 
(UHBD) program. We are also using this method to examine 
short-range electrostatic effects, in particular, to calculate 
pK as of titratable residues. 

The activity of trypanosomal triose phosphate isomerase 
exhibits rather different pH and ionic strength dependencies 
from many of the other TIMs (Lambeir et al., 1987). This may 
be due to the presence of unconserved titratable residues 
which, under certain conditions, gives rise to the disruption 
of the dimeric enzyme and a consequent loss of activity. 
To shed light on these experimental data and data from 
protein mutagenesis studies by Rik Wierenga's group, we 
are presently calculating pK as of titratable residues in TIM 
as well as electrostatic potentials (Plate 54) and binding 
energies for the subunits of the dimer. 
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PLATE 53 

Ca trace of chicken muscle triose phosphate iso-
merase with ten snapshots of the flexible loops 
shown at 6 ns intervals during a simulation. 
Each residue in the loops was modelled by an 
appropriately parameterized sphere centred on 
the Cj3 atom 

pKas for active site residues in a-amylase and a modelled 
structure of cyclomaltodextrin glucanotransferase (CGTase) 
are also being calculated. There has been much discussion 
in the literature over which residues are involved in the 
catalytic mechanism of these enzymes and what role they 
play. Preliminary results suggest that in CGTase, Glu 257, 
rather than Asp 328, acts as the general acid in the catalytic 
mechanism (Demchuk et al., in press). 

Investigations of protease stability by 
molecular dynamics simulations 

The thermostability of bacterial neutral proteases has been 
investigated by protein engineering by Vincent Eijsink 
(Groningen) and Gert Vriend (EMBL). Their studies suggest 
that protease stability is governed by local events in which 
particular peptide loops unfold and are cleaved by other pro-
tease molecules. We are carrying out molecular dynamics 
simulations to investigate the flexibility of these loops in the 
presence of point mutations and aim, in the future, to use 
this approach for the design of mutant proteases of high 
thermostability. In initial studies (together with Daan van 
Aalten (Groningen)) a substrate protease (with an unfolded 
loop) was docked into the active site of another protease to 
estimate the conformational changes necessary for peptide 
cleavage. 

Free energies of protein hydration 
and protein-ligand interactions 

Water is crucial to the structure, function and dynamics of 
proteins and plays an important role in determining how 
they interact with ligands. The ability to calculate the struc-
tural and energetic features of protein hydration is thus of 
great interest. We are investigating cytochrome P450-cam 
which has an internal binding pocket above the haem group 
where the substrate, camphor, binds. In a previous study 



(Wade, 1988), empirical energy calculations suggested that 
a water molecule could bind in the active site at the same 
time as the substrate and could assist in orienting the 
substrate correctly for reaction. No solvent electron den-
sity was seen at the proposed site although it has since 
been seen close by in a different crystal structure with an 
inhibitor present. We are therefore currently using molecu-
lar dynamics calculations to determine the free energy of 
hydration of this site following an approach similar to that 
previously successfully applied to determining the hydration 
of cavities in sulphate binding protein (Wade et al., 1991). 
We then plan to calculate the extent of hydration of the 
substrate-free active site and binding constants for sub-
strates and inhibitors of the enzyme. We are also using our 
knowledge of active site hydration to design inhibitors of the 
enzyme. Preliminary attempts have resulted in compounds 
which are proving useful for probing the enzyme in high 
pressure spectroscopic studies being done by G. Hui Bon 
Hoa (Paris). 

Prediction of ligand binding sites on 
proteins by artificial neural networks 

In collaboration with P. Wolynes and H Bohr (Illinois), we 
have constructed artificial neural networks trained on crys-
tallographic data to predict water binding sites on proteins 

based on sequence and secondary structure information 
alone (Wade et al., 1992). Surprisingly, these networks were 
able to make predictions on the atomic scale comparable to 
those obtained using other methods requiring knowledge 
of the protein's three-dimensional structure. We are now 
developing more physically-based artificial neural networks 
with recurrent architectures to predict ligand binding sites 
using three-dimensional structural information. 

Enzyme inhibitor design 

Phospholipase A2 (PLA2) is an important target for the 
design of compounds with anti-inflammatory activity that can 
assist in combating conditions such as arthritis and asthma. 
In collaboration with F. Gago (Madrid) and A. Palomer 
(Barcelona), we are designing novel compounds to act as 
competitive inhibitors of the human synovial PLA2 based on 
the crystallographically-determined three-dimensional struc-
ture of the enzyme (provided by P. Sigler). Our first step has 
been to analyse the enzyme's substrate binding site using 
the program LUDI (Bohm, 1991). This program identifies 
molecular fragments that should bind to the target protein on 
the basis of hydrogen bond geometry and steric contacts. 
These fragments can then be linked together to form po-
tential drug candidates. These molecules will be subjected 
to more detailed computational analysis and those showing 
promise will be synthesized. 

Ribbon plot of trypanosomal triose phosphate isomerase with 
its electrostatic potential shown contoured at +0.3 (mesh 
surface) and -0.3 (solid surface) kcal/mol. All atoms of the 
catalytic residues are shown. The negative contours are on the 
opposite side of the molecule from the entrances to the active 
sites which are surrounded by a large ring of positive contours. 
Such an electrostatic potential may guide negatively charged 
substrate molecules towards the enzyme's active sites. 
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Structure and function of protein modules 

Group leader: A. Pastore 

Fellows: S. Improta, C. Joseph, A. Politou, M. Pfuhl 

Visitors: F. Fogolari, A. Motta 

Several proteins have been shown to consist of discrete 
regions folded into independent domains. Similar domains 
often occur in protein families which have apparently com-
pletely unrelated functions and it is therefore fascinating to 
understand how they can realize their specificity. The inter-
est of our group is focused on two specific classes of pro-
teins: those involved in muscle assembly and DNA-binding 
proteins. They both include families of modular proteins with 
well defined and independent domains of a suitable size for 
NMR studies. 

Structure determination of domains of 
DNA-binding proteins (A. Pastore, 
C. Muhle-GolI, T. Gibson, J. Lakey, 
D. Nalis & M. Nilges) 

A leucine zipper motif is characterized by a repeat of 
leucines every seven residues within a sequence with high 
tendency to fold as a helix. This motif was first recognized 
in a family of transcription activator proteins which dimerize 
through a leucine zipper domain so as to leave a contiguous 
basic region in a position where it is able to recognize and 
bind to specific DNA sequences. Since its first recognition, 
other proteins, several of which are dimeric transcription 
activators, have been suggested to contain leucine zipper 
dimerization domains. We have studied in the past the 
leucine zipper regions of GCN4 and of HNF1 proteins 
(Saudek, et al., 1991; Pastore et al., 1992). 

A subfamily of what is known as the helix-loop-helix (HLH) 
family contains a leucine zipper (LZ) as an extension of the 
DNA binding region. Since dimerization and DNA binding 
have been both located in the HLH domain, the exact 
function of this attached LZ in this subfamily is still uncertain. 
It has been suggested that its presence is necessary to 
stabilize the dimer and/or modulate the binding to other 
proteins. Whether this region folds as a parallel (as in the 
canonical LZ family) or as an antiparallel coiled-coil, is still 
unresolved. 

In collaboration with other groups at EMBL, we have deter-
mined the structure of two synthetic peptides spanning the 
sequences of two representative members of the HLH-LZ 
family, namely Tfeb and Myc. They have been characterized 

by both circular dichroism (CD) and nuclear magnetic reso-
nance (NMR) studies. Our data show that the two peptides 
have a different behaviour: Tfeb folds as a stable a-helical 
dimer forming a coiled-coil. The Myc peptide, although 
folded into helical conformation, does not show dimerization. 
This reflects studies carried out in vivo on the full length pro-
teins. The extension of our study to Max, another member 
of the HLH-LZ family which hetero-dimerizes with Myc, is 
planned for next year. 

Homology model-building of the thyroid 
transcription factor 1 homeodomain 
(F. Fogolari) 

Homeodomains (HD) are DNA-binding, independently 
folded regions of ca. 60 amino-acids found in a large va-
riety of transcription activator proteins. The genes com-
prising HD-encoding DNA sequences are responsible for 
"homeotic" mutations. At present three homeodomain struc-
tures have been solved both by NMR and X-ray crystallo-
gaphy. Since most of the members of the homeodomains 
share a fairly high degree of sequence homology, the known 
structures may be used as a template to model-build other 
domains. 

A model for the rat thyroid transcription factor 1 (TTF1) 
homeodomain, which shows an unusual DNA-binding speci-
ficity, has been deduced from homology searches and has 
been analysed in detail. The model shows that the structure, 
encompassing a helix-turn-helix motif, preserves a network 
of hydrophobic interactions in the core of the molecule. The 
model has helped us to rationalize the large amount of 
binding data available and to provide a guide for further 
experimental tests. 

Control of filament assembly by two 
giant modular proteins: titin and nebulin 
(K. Joseph, M. Pfuhl, A. Politou & K. Leonard) 

Titin and nebulin are giant muscle-specific proteins thought 
to control the length of the highly ordered assembly of 
muscle proteins into the sarcomer. The modular assembly of 
both proteins allows the characterization of isolated domains 
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and their interfaces separately from the rest of the molecule. 
Our ultimate aim is the structural characterization of these 
two proteins and the elucidation of their role. 

Titin is the largest polypeptide yet found in nature (M r 
3,000 kDa) and forms between 5-10% of myofibrillar protein 
(Labeit et al., 1992). It consists of several relatively small 
modules, among which are two types of repeating motifs, 
class I and class II, each containing about 100 residues. 
Type I shows sequence homology to type III fibronectin 
domains and type II to the C2-immunoglobulin super-family. 
Near the M-line, the type II is predominant, whereas in the 
A-band the two domains are distributed in a super-repeat. 
A number of domains corresponding to different locations of 
titin in the sarcomere have been expressed and purified by 
Mathias Gautel in Leonard's group. Preliminary CD spectra 
have shown that the domains are monomeric and predom-
inantly folded as ,B-sheet. The structure determination by 
multidimensional NMR is under way. From the secondary 
structure, we can confirm that these domains show very high 
structural similarities in spite of the relatively low sequence 
homology. Studies to access the stability of these domains 
are also planned. 

Nebulin has an estimated chain weight of 800 kDa and forms 
about 4% of the myofibrillar proteins. Nebulin partial cDNAs 
identified by antibodies show repetition of a motif consisting 
of approximately 35 residues. Seven of these motifs form 
a super-repeat. During the last year, the structure of a 
synthetic peptide spanning the sequence of a single repeat 
has been determined. The study was carried out in water 
and SDS micelles which stabilize the structure and mimic 
the interactions with the in vivo environment. The structure 
consists of an uninterrupted helix. Our results suggest that 
the interaction between nebulin and other muscle proteins 
is essential for folding of the protein. 

Surface mapping of a molten globule state 
(S. Improta & A. Pastore) 

Valuable information for molecular recognition can be de-
rived from mapping the protein surface. The identification 
of buried or surface residues along the sequence may, for 
instance, help in locating the active site of an enzyme or 
provide better secondary structure information than meth-
ods based on amino-acid sequences alone, or even allow 
the derivation of information about the fold of a protein of 
unknown structure. In collaboration with Italian groups we 
have been able to show that soluble paramagnetic nitrox-
ides may be used to give valuable information about the 
proton exposure surface (Esposito et al., 1992). Our results 
have demonstrated that the nitroxide approaches the protein 
randomly, and that the extent of the observed paramagnetic 
interactions which leads to spectral simplification of only 
those residues interacting with the label reflects the native 
folding pattern of the protein. 

An obvious application of these results is to protein folding 
studies where often the transient nature of partially unfolded 
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states may prevent a complete structure determination from 
NOE data. We have focused our interest in characterizing 
the molten globule state, a partially structured state stable 
at equilibrium. As a model compound, we have used bovine 
a-lactalbumin, a relatively small globular protein (around 
14,000 molecular weight) with one of the as yet best charac-
terized stable molten globule states. Our results show that it 
is possible to locate the regions of the protein which remain 
buried in the molten globule. We have also shown that the 
results obtained by this method are directly comparable 
and complementary to photochemically induced dynamic 
nuclear polarization (photo-CIDNP) experiments, another 
technique classically used to investigate surface exposed 
aromatic residues. 

In 1993 we are going to apply our results to the molten 
globule state of colicin to shed light on the mechanism by 
which this protein interacts with membranes. 
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Biological NMR spectroscopy 

Group leader: H. Oschkinat 

Fellows: D. Croft*, T. Dieckmann, L. Mitschang 

Visitors: P. Dux, T. Muller* 

Assistants: J. Ashurst*, D. Grindrod* 

NMR spectroscopy yields important information about the 
structure and dynamics of proteins and nucleic acids in so-
lution. Due to recent developments such as three- and four-
dimensional NMR, structures of proteins up to 15 kDa are 
now solved routinely, and the range of NMR spectroscopy 
has been extended to a molecular weight of approximately 
35 kDa. We are interested in two aspects of biomolecular 
NMR: the development of NMR techniques for improving the 
collection of structural parameters, and the determination of 
protein and nucleic acid structures. 

Further developments of NMR techniques are necessary to 
automate the evaluation of the spectra, and to improve their 
specificity and quality. It is intended to develop a program 
for the automated assignment of multidimensional NMR 
spectra, and to develop NMR techniques utilizing pulsed 
field gradients for the suppression of artifacts and to reduce 
the measurement time. Concerning structure determination 
of proteins, the investigation of membrane proteins smaller 
than 30 kDa and variants of interleukin 4 which are antago-
nists is planned. 

Two projects have been completed in the past year: the 
determination of the structure of a complex between a 
daunomycin derivative and a nucleic acid hexamer, and the 
refinement of a method for zero-quantum suppression in 
NOESY spectra. 

2D-NMR studies of an intercalation complex between 
the novel semisynthetic anthracycline 3'-deamino-3'-
(2-methoxy-4-morpholinyl)-doxorubicin (MDOX) and 
the hexanucleotide duplex d(CGTACG) 

Anthracycline-antitumour-antibiotics are among the most 

powerful drugs for the treatment of malignant tumours. 
Doxorubicin and daunorubicin have been used successfully 
for the chemotherapy of leukemia and some solid tumours. 
However, they have a variety of disadvantages, such as 
the development of resistant tumour cells, cardiotoxicity and 
mutagenicity/carcinogenicity. 

It has been shown that alkylation of the 3'-amino function 
abolishes the mutagenicity and the development of resistant 
cell-lines. The derivatives with a morpholinyl ring instead 
of the 3'-amino function are of special interest because 
of their potency and reduced cardiotoxicity. In contrast to 
other anthracyclines, these derivatives may be involved in 
covalent interactions with DNA. 

These differences in activity made it worthwhile to inves-
tigate the intercalation complex of MDOX and the hex-
anucleotide duplex d(CGTACG), as the activity should, in 
principle, be related to its mode of intercalation. Also, the 
tendency to undergo covalent interactions with the drug 
should be explained. 

The NMR analysis yielded a number of distances between 
the drug and the DNA which were accurately measured with 
a set of NOESY spectra employing different, relatively short 
mixing times. The structure was modelled on the basis of a 
similar complex determined by X-ray crystallography (Wang 
et al., 1987). It turned out that the NOE-derived distances 
between the daunomycin system and the DNA were in very 
good agreement with those in the X-ray structure, and hence 
it was concluded that its position is the same in our system. 
The morpholinyl system was modelled into the structure 
while making sure that the measured distances between the 
DNA and the morpholinyl ring were satisfied. 
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PLATE 56 

Local structure at the morpholinyl/adenine contact site. 
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Structure of the intercalation complex of the anthracycline 
3' -deamino-3' -(2-methoxy-4-morpholinyl)-doxorubicin (MDOX) and 
the hexanucleotide duplex d(CGTACG)2. 
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The structure (Plate 55) leads to the conclusion that the 
binding mode of MDOX is comparable to the systems with-
out N-alkylation, its different activity must therefore be re-
lated to other properties. The lack of mutagenicity observed 
with N-alkylated anthracyclines, such as the N,N-dimethyl 
derivatives of daunomycin and doxorubicin is, therefore, 
more likely due to an altered interaction of the drug with the 
DNA-modifying enzymes, such as topoisomerases. How-
ever, the chemical reaction of the morpholinyl ring with the 
adenine could be explained by the close proximity of both 
(Plate 56). 

Improvement of data collection by 
refinement of NMR techniques 

Structure determination of proteins by NMR relies on the 
quantitative evaluation of NOESY spectra to obtain a set of 
distances from which structures are calculated. There are 
various approaches for converting the information contained 
in the cross peak amplitudes into distances, ranging from 
approximative approaches to treatments by means of a 
relaxation matrix. In all cases, it is necessary to record 
NOESY spectra with short mixing times, whereby so-called 
zero quantum peaks become visible. They show a dis-
persive line shape and may therefore interfere with NOE 
cross peaks. A single scan method for the suppression 
of such signals (Titman et al., 1990) was analysed and 
optimized for protein samples. A quantitative analysis of 
such compensated NOESY spectra showed that accurate 
distances can be obtained for medium sized proteins. 



Recent technological devolopments allow the usage of field 
gradients in multidimensional NMR spectroscopy. A number 
of important pulse techniqes may be improved through the 
application of such gradients, either by reducing artifacts, or 
by allowing a higher resolution in multidimensional spectra. 
Our intention is to derive NMR techniques that are especially 
suitable for automated assignment. 

Antagonists of interleukin 4 

Interleukin 4 is a cytokine which acts as a pleiotrophic 
growth factor on 8- and T-cells. In detail, its biological 
activities are proliferation and differentation of 8-cells, im-
munoglobulin class switching of activated 8-cells to IgG1 
and IgE, and expression of the IgE low affinity receptor. 
Therefore interleukin 4, and especially its antagonists, are 
of particular interest in the therapy of cancer and allergic 
diseases. 

As a prerequisite for the understanding of its action at a 
molecular level, it is necessary to obtain three-dimensional 
structures for the native IL-4 and mutants with different 
biological activities. The determination of the stuctures of 
four-helix bundles such as IL-4, however, depends largely 
on the availability of NOEs between lipophilic side chains 
such as leucines and valines. In the past, 13C-labelling had 
to be applied to enable the interpretation of the NOESY 
spectrum in the region where this information is located. 
If, however, a number of variants must be investigated, this 
becomes too expensive. For this reason, an approach based 
on 15N-labelling and homonuclear three-dimensional NMR 
has been developed to enable the study of such molecules 
without 13C-labelling. Good results were obtained on the 
IL-4 wild-type whose structure was determined first as a 
basis for the investigation of the variants. The latter is in 
progress. 

Small membrane proteins by NMR 

Currently, possibilities are being explored for the investi-
gation of membrane proteins that may be solubilized in 

small micelles while retaining their activity. It now seems 
feasible to tackle such proteins by NMR due to a num-
ber of recent technical advances such as the develop-
ment of multidimensional NMR in connection with iso-
tope labelling, protein deuteration, and the higher sen-
sitivity of the NMR spectrometers. In preliminary exper-
iments, suitable NOESY spectra of solubilized bacteri-
orhodopsin have been obtained, showing NOEs from pro-
tons located in the inner membrane parts. Also, 15N_ 
1 H HMQC of bacteriorhodopsin and 13CJ H HMQC cor-
relations of the reconstituted light harvesting complex of 
photosystem II from peas were obtained. It is intended 
to explore the methodology necessary for the investi-
gation of small membrane proteins and to investigate 
the structure of the chromophore environment of bacteri-
orhodopsin. 
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NMR refinement and model-building 

Group leader: M. Nilges* 

Fellows: C. Muhle-GolI*, R. Saffrich* 

Visitors: P. Folkers*, R. Folmer* 

Assistant: R. Thiagarajan* 

Our research is divided into two main parts, namely, the 
further development of methods for the calculation and 
refinement of three-dimensional structures from NMR data, 
and the study of the interaction of proteins and nucleic acids 
by experiment and model-building. 

New methods for refinement of NMR structures 

New calculational approaches 

We have developed a strategy that allows the calculation 
of structures from NMR data without converting each mea-
sured peak into a distance between exactly two points. This 
is a requirement for the "distance geometry" type algorithms 
generally used for the calculation. Therefore, ambiguous 
NOESY crosspeaks cannot be used with these algorithms. 
Only after an approximate model of the structure is known, 
ambiguous peaks can be assigned in an iterative process. 
The new approach, however, can use all the data from the 
start. This will make the development of a more automated -
and less error-prone - structure generation method by NMR 
possible. 

Analysis of the effects of local motion on NMR data 
(T. Schneider & A. Brunger) 

We are in the process of analysing a 6.6 ns molecular 
dynamics trajectory of BPTI. Our preliminary conclusion 
about the effects of local motions in the time range of several 
hundred picoseconds on the accuracy of distance measur-
ments by NMR is that for most distances the usually made 
assumption of a rigid molecule is a good approximation. 
However, there are distances for which this approximation is 
violated. The model data generated from the trajectory will 
serve as an "experimental" data set for new calculational 
strategies that try to incorporate motional effects into the 
refinement. 

A free R-factor for NMR refinement 
(R. Saffrich & A. Brunger) 

One of the problems in NMR structure determination is the 
assessment of the reliability of NMR structures. A connected 
question is the optimal weight on the experimental terms 
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in the refinement. If the weight is too large, local struc-
ture can be distorted, if the weight is too small, the fit to 
experimental data is unsatisfactory. We are trying to use 
the "free" R-value, a quantity recently developed to address 
similar questions in X-ray crystallographic refinement. Initial 
experiences with a model data set are encouraging. At 
the weight on the experimental terms corresponding to the 
minimum of the free R-value curve, the differences between 
the refined structure and the correct structure are minimal. 

Parallel computing 
(R. Thiagarajan) 

Many of the routine calculations for NMR structures are 
inherently parallel. As a first step to investigate the values 
of parallel computing in NMR we are experimenting with a 
"coarsely" parallel version of the software package X-PLOR 
which may run on a heterogeneous cluster of workstations. 

Investigation of interaction of molecules by 
model-building and NMR experiment 

The structure of the single-stranded DNA-protein 
complex of gene 5 protein of phage M13 
(R. Folmer, P. Folkers & C. Hilbers) 

The special difficulty in the structure calculation of the gene 
5 protein stems from its dimeric nature, which leads to 
ambiguities in the NMR data: Inter-monomer NOESY peaks 
cannot be distinguished from intra-monomer ones. We have 
overcome this difficulty by using our new structure calcu-
lation technique, and have calculated a set of structures 
consistent with the experimental data. 

On the basis of these structures we are now in the process 
of building a model for the complex of the protein with 
single-stranded DNA. The protein is known to bind stoichio-
metrically to single stranded DNA. The complex has been 
shown to be a rather flexible helix by electron microscopy 
studies. Small-angle neutron diffraction data indicate that 
the DNA is bound on the inside of the helix formed by the 
proteins. 

The modelling project is still in its early stages, but pre-
liminary results indicate that it is possible to build a model 



that satisfies all available experimental data from diverse 
sources. Previous modelling studies had failed in this re-
spect. 

Conformations of leucine zippers 
of the HLH-LZ class 
(C. Muhle-Goll, T. Gibson, J. Lakey, 
D. Navon & A. Pastore) 

In collaboration with the group of Annalisa Pastore, we 
have started the experimental characterization of the tertiary 
structure of peptides spanning the putative leucine zipper 
region of several proteins in the HLH-LZ class. The exis-
tence of a second dimerization site formed by the leucine 
zipper has still not been proved experimentally, and its 

function is unclear. Model-building of the tertiary structure 
of the peptides in different conformations was used to guide 
the NMR assignment and exclude certain arrangements 
(parallel versus antiparallel). 

Publications during the year 

Kuszewski, K., Nilges, M. & Brunger, A.T. (1992). Sampling 
and efficiency of metric matrix distance geometry: A novel 
partial metrization algorithm. J. Biomol. NMR, 2, 33-56. 
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Gene Expression Programme 

Introduction 

Each stage in the process of eukaryotic gene expression, 
i.e. transcription, RNA processing, RNA transport and trans-
lation, is under study in the Programme. The complexity 
of each of these processes per se as well as the multiple 
mechanisms by which each step can be regulated necessi-
tates the use of a wide variety of experimental approaches. 
These range from classical genetics over molecular genetics 
to biochemistry and biophysics. The common aim of the 
groups in the Programme is to elucidate the molecular 
details of the steps of gene expression. 

Research in transcription interfaces with a great variety of 
important biological problems, among these development, 
differentiation, and response to extracellular stimuli of all 
kinds. This is because understanding transcriptional control 
is one way in which the underlying mechanisms of these 
processes will be unravelled. Given the apparent diversity 
of reasons to be interested in transcription, it is highly 
interesting, and seemingly almost contradictory, to see how 
the work of the various groups interested in this area at 
EMBL is intimately interwoven, producing overlaps that can 
lead to productive collaboration. A few examples are cited 
below. 

One group in the Programme is progressing with its aim 
to accurately reconstitute DNA into chromatin in vitro, and 
further, to enable the use of these chromatin templates for 
in vitro transcription. A second is trying to reconstitute the 
hormone dependence of glucocorticoid receptor activation 
of transcription in an in vitro system. It turns out that when 
naked DNA templates are used, the glucocorticoid receptor 
activates in a hormone-independent way. What could be 
more natural than to propose that the hormone effect might 
only be seen with chromatin templates? 

Exogenous transcriptional inducers, like hormones or vita-
mins, act via related pathways. How related they are is 
underlined by several findings made in the Programme this 
year. Responses mediated by one family of these recep-
tors, whose members include proteins from organisms as 
diverse as human beings and fruitflies, require a common 
dimerizing partner. The function of this protein has been so 
well conserved that the mammalian and insect homologues 
can substitute for one another in mediating responses to 
e.g. the vertebrate morphogen retinoic acid or the insect 
moulting hormone ecdysone. 
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One group in the Programme, interested in the role of the 
family of octamer transcription factors in early development, 
noted that the cell type specificity of action of one family 
member required a necessary bridging factor, whose func-
tion in mediating the signal emanating from the factor to 
the basal transcription apparatus could be substituted by 
an adenoviral protein called EIA. This observation led to a 
second group, which had been puzzling over variations in 
the ability of a retinoic acid receptor to induce transcription 
of a particular promoter in some of the cell-lines they had 
tested, discovering that an EIA-like factor was also required 
to mediate the communication between the receptor and 
proteins bound to the TATA box of this promoter. Both 
groups are now pursuing the cellular homologue(s) of the 
EIA protein. 

The TATA-binding protein seems, in fact, to have an ex-
traordinary number of interacting partner proteins. Some of 
these partners are involved in the selection of the appro-
priate RNA polymerase for transcription, and one of the 
groups in the Programme has identified a TBP complex 
essential for mediating RNA polymerase III transcription and 
is now characterizing a novel polymerase II-specific TBP 
complex. 

Ribonucleoproteins (RNPs) play roles in an enormous diver-
sity of cellular events. The development of new technology 
to study RNPs, based on the use of oligonucleotides of 
synthetic RNA and DNA analogues coupled to affinity or 
histological reagents, has continued in collaboration with 
the Biochemical Instrumentation Programme. U snRNPs, 
components of the machinery responsible for processing 
primary RNA transcripts to their mature form, have been 
studied with both this and various other methodologies. The 
U snRNPs function in intron removal from pre-messenger 
RNAs. Their relatives, the small nucleolar (sno) RNPs have 
a role in the removal of the transcribed spacers from the 
pre-ribosomal RNA and its processing to the mature rRNA 
species. Both of these classes of RNA processing events 
are active areas of current interest. Finally the involvement 
of RNPs in the regulation of translation of a group of related 
mRNAs is being examined with a view to gaining insight 
into the mechanism of initiation of translation and its con-
trol. 



Synthesis, assembly, structure and function of U snRNPs 

Group leader: l.w. Mattaj 

Scientist: B. Seraphin 

Fellows: J. Bernues, K.-H. Friedrich*, S. Gunderson, E. Izaurralde, A. Jarmolowski, C. Kambach, J. Lewis, Z. Lygerou, K. Simmen* 

Visitors: W. Boelens*, E. Darzynkiewicz*, M. Freire*, M. Jankowska*, S. Murphy* 

Assistants: S. Kandels, C. McGuigan, M. Polycarpou-Schwarz 

Transcription of U snRNA genes and 
RNA polymerase choice 

Previous studies from many laboratories, including our own, 
have led to the realization that eukaryotic transcription fac-
tors are not, as once believed, specific for genes transcribed 
by a particular RNA polymerase (the three RNA poly-
merases are called I, II and III). For example, we showed 
last year that TATA-binding protein (TBP), once thought to 
be involved solely in pol II transcription, was also required 
for pol III transcription of U6 snRNA genes. At the same 
time, others were able to show that TBP also had a role 
in transcription of other pol III genes (encoding tRNAs and 
5S RNA) and poll genes (encoding large ribosomal RNAs). 

Our interest in this topic, fuelled by the fact that U1 and 
U6 snRNAs are transcribed by different polymerases despite 
their similar promoter structures, focused on the direction of 
determining which TBP complexes are involved in the tran-
scription of these genes, since this appears to be decisive 
in polymerase choice. We have been able to show that; 

(1) Pol III genes, in general, required a TBP complex 
that is identical to the activity previously known as 
transcription factor (TF) IIIB. 

(2) U1 snRNA transcription in vitro appears to require a 
TBP complex that is different from those previously 
described, ie D-TFIID, TFIIIB, B-TFIID or SL 1 are not 
required. 

(3) Although our data on U6 requirements is more pre-
liminary we believe this gene, uniquely, may need two 
different TBP complexes for its transcription. 

CAP-binding proteins 

RNA polymerase II transcripts all carry a cap structure at 
their 5' ends. Our interest in cap-binding proteins started 
from the observation that they facilitate the transport out 
of the nucleus of pol II transcripts. By a combination of in 
vivo and in vitro experiments we have identified an 80 kDa 
protein that may mediate nuclear export of RNA via binding 
to the cap structure. We are studying this protein with both 
biochemical and genetic methods. 

Cap structures also seem to play an important role in 
pre-messenger RNA splicing, a role that is presumably also 
mediated by cap-binding proteins. We have begun to search 
for such proteins in vitro splicing extracts made from human 
HeLa cell nuclei. Our major short-term goal is to determine 
whether the cap-binding activities mediating splicing and 
nuclear exit of mRNAs are similar or distinct. 

snRNP assembly and nucleocytoplasmic 
transport in vertebrates 

Under this heading, two quite different projects have been 
pursued. The first involved an examination of our earlier find-
ing that, while U1 and U2 snRNPs require both a trimethyl 
guanosine (TMG) cap structure and bound common pro-
teins to engender a nuclear localization signal (NLS) that 
functions to direct transport in Xenopus oocytes, U5 snRNP 
transport only depends on common snRNP protein binding. 
This study led to the surprising discovery that the RNA com-
ponent of the snRNP core structure, previously believed to 
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be a common element shared by pol II-transcribed splicing 
snRNPs, was very different in structure in U1 (as a represen-
tative of TMG-cap-dependent) and U5 (cap-independent) 
snRNAs. 

The second project was an examination of the nucleocyto-
plasmic transport of the U1 snRNP-specific U1A protein. In 
this work we showed: 

(1) U1 A protein has its own NLS and moves to the nucleus 
independently of the rest of U1 snRNP. 

(2) U1 A protein in the free state shuttles between the 
nucleus and cytoplasm. 

(3) The nuclear: cytoplasmic ratio of U 1 A protein is de-
termined by the number of U1A protein binding sites 
(U1 snRNA molecules) present in the nucleus. 

Function and assembly of snRNPs 
in Saccharomyces cerevisiae 
(B. Seraphin, Z. Lygerou & S. Kandels) 

We are analysing the roles of snRNPs in yeast splicing 
and our efforts concentrate on the U1 snRNP. We have 
demonstrated that U1 snRNA interacts by base-pairing with 
5' exon sequences. On the other hand, our results also 
demonstrate that S.cerevisiae U1 is not involved in 3' splice 
site recognition. This is rather unexpected because 3' splice 
site recognition by U1 snRNA has just been reported for 
Schizosaccharomyces pombe and, furthermore, all other 
snRNA-pre-mRNA interactions described to date are evo-
lutionarily conserved. We are now trying to identify factors 
involved in 3' splice site selection in S.cerevisiae. To under-
stand the function of U1 snRNP in spliceosome assembly 
the identification of the protein components of this snRNP is 
necessary. The yeast homologue of the mammalian U1-70k 
protein has been cloned and we are currently trying to 
pinpoint its function. 

We are also interested in the process of snRNP assembly, 
and particularly in the nucleo-cytoplasmic transport events 
required for that process. To identify the numerous genes 
involved in this pathway, we have developed a genetic 
screen to select, in a collection of conditional yeast mu-
tants, those showing a defect in the synthesis of new 
snRNPs. Several hundred conditional mutants have now 
been screened, allowing the recovery of several putative 
mutants. The strains displaying an interesting phenotype will 
now be characterized in more detail. 
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Trans-activation by ligand inducible nuclear receptors 

Group leader: H. Stunnenberg 

Fellows: D. Barettino, A. Berkenstam, T. Bugge, M. Keaveney, O. Lonnoy, J. Pohl, R. Valcarcel* 

Assistants: V. Sonntag, P. Hirschmann, J. Schmitt, H. Holz 

The hormone binding domain of GR 
displays transcriptional activity in vitro 
in the absence of ligand 

Glucocorticoid receptor (GR) is a ligand inducible transcrip-
tion factor that belongs to the superfamily of nuclear recep-
tors. GR, like receptors for progesterone (PR), mineralocor-
ticoid (MR), androgen (AR) and estrogen (ER) hormones, 
belongs to the steroid receptor subfamily, hereafter referred 
to as type I receptors. In the current model of steroid 
hormone action, the ligand binds to its cognate monomeric 
receptor that is found in a complex containing the heat shock 
protein 90 (hsp90) and p59, an immuno-suppressant FK506 
binding protein. Ligand binding induces an allosteric change 
facilitating dissociation of the receptor from the complex 
and subsequent, binding of the homodimeric receptor to 
its cognate hormone responsive element (HRE). The N-
terminal and the C-terminal domains functionally cooper-
ate in trans-activation in a promoter- and cell-type-specific 
manner but the determinants for this specificity are not 
well understood. Requirement for hormone in governing the 
trans-activational activity of the C-terminal "ligand-inducible" 
domain is suggested from experiments using the antigluco-
corticoid RU 486. This antagonist triggers the dissociation of 
the receptor-hsp90 complex and induces GR translocation 
to the nucleus. The antagonist loaded receptor is able to 
bind to its cognate response element but it has only weak 
trans-activation properties. Ligand binding thus appears to 
be essential in a second step besides being required for 
dissociation of GR from the cytoplasmic hsp 90 containing 
complex. We have investigated whether hormone governs 
the transcriptional activity of the ligand binding domain. For 
this purpose, we have expressed recombinant rat glucocor-
ticoid receptor (vvGR) using vaccinia virus and could show 
that vvGR, and in particular its C-terminalligand binding do-
main, displays all the known biochemical properties. It was, 
therefore, surprising to find that vvGR enhances transcrip-
tion from both a synthetic and the mouse mammary tumour 
virus (MMTV) promoter in a ligand-independent manner. 
Mutational analyses, revealed that both the constitutive, 
N-terminal as well as the "ligand-dependent" C-terminal 
trans-activation domains contribute to the transcriptional 
activity in an additive manner on the synthetic promoter 
but synergistically on the MMTV promoter. We have thus 

provided the first evidence for a transcriptional activity of 
the hormone binding domain that in vitro, however, appears 
to be functional in transcription in the absence of ligand. 
We propose two explanations which are not necessarily 
mutually exclusive why binding of ligand does not markedly 
affect the trans-activation properties of vvGR. Firstly, the 
recombinant receptor might be constitutively activated due 
to a vaccinia virus infection related post-translational modifi-
cation such as phosphorylation. It has been shown that dex-
amethasone but not RU 486 induces hyperphosphorylation 
of GR. It has also been reported that okadaic acid, a spe-
cific phosphatase inhibitor, can induce the activation of the 
progesterone receptor in the absence of hormone in vivo. 
Alternatively, ligand binding could affect a property of the 
receptor that is required in a step leading to transcriptional 
activation in vivo, and that was not reproduced in our in vitro 
assay. Several studies have shown that GR is involved in 
reorganising the nucleosomes at glucocorticoid responsive 
sites. One can imagine that the hormone induced con-
formational change could expose a domain required for 
nucleosome displacement. This hypothesis will be tested in 
vitro using chromatin reconstituted templates. 

RXR, a target for cross regulation 

Recent findings suggest that the receptors for retinoic acid, 
thyroid hormone (T 3), and vitamin 03 (V003), hereafter 
referred to as type II receptors, are functionally distinct from 
type I receptors. Firstly, type II receptors appear to be able 
to bind to their responsive elements in the absence of ligand 
and their natural responsive elements are composed of 
so-called half-sites (AGG/ T CAl arranged as direct repeats. 
Finally, type II receptors do not bind to their respective 
binding site as homodimers but require an auxiliary factor, 
RXR. The observation that RXR is a central and common 
partner of several type II receptors might imply that the 
mere presence of a functional receptor within a cell may 
not be sufficient to obtain a ligand-dependent response if 
another type II receptor with a higher affinity for RXR is also 
expressed within the same cell. In line with this hypothesis, 
we could show that T 3R efficiently represses RA-dependent 
trans-activation of the RAR-,82 promoter by competing with 
RAR for their common partner RXR in a T3- and ONA-
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binding independent manner. Thus, T3R and likely other 
type II receptors can playa dual regulatory role by activating 
transcription through their cognate binding sites in response 
to the respective ligand and, in the absence of ligand, 
by modulating RA-dependent regulation of expression by 
competition with RAR for their common dimerization partner, 
RXR. 

Unliganded T3R and its oncogenic variant 
v-erbA act as dominant suppressors through 
mechanistically distinct pathways 

V-erbA, an oncogenic version of T3R, and v-erbB, a tyrosine 
kinase oncogene, cooperate to transform chick erythroblasts 
in tissue culture and to cause acute erythroleukemia in 
chicks. The v-erbB oncogene is necessary and sufficient 
for transformation, while v-erbA greatly potentiates v-erbB 
transformation by efficiently blocking erythroblast differenti-
ation. This block in differentiation is, at least in part, me-
diated by transcriptional downregulation of specific target 
genes, notably carbonic anhydrase II (CAli). V-erbA has lost 
its ability to bind thyroid hormone but retains a functional 
DNA-binding domain, containing two amino-acid changes 
relative to T3R. One of these mutations located in the DNA 
recognition helix in the first Zn-finger affects the DNA binding 
properties of v-erbA and is crucial for its role in erythroid 
transformation. It has been postulated that v-erbA acts 
as a dominant negative oncogene that prevents T 3R and 
RAR-dependent trans-activation by binding to their cognate 
responsive elements and occluding the binding of the ligand-
activated receptors. If v-erbA suppresses T3R and/or RAR 
function by occupying DNA binding sites for T 3R/RXR and 
RAR/RXR heterodimers, then v-erbA should have an ap-
preciable affinity for these binding sites. However, we could 
show that v-erbA alone does not have an appreciable affinity 
for T3REs or RAREs implying that, if the model is correct, 
v-erbA requires an auxiliary factor for dominant negative 
action. We have investigated whether RXR could be such 
a partner and revealed that a single amino-acid mutation 
occurring in v-erbA (Pro to Ser, amino-acid position 349) 
drastically reduces its affinity for RXR and hence v-erbA is 
unable to suppress RA-dependent trans-activation as ob-
tained with T3R. Importantly, the hypertransforming v-erbA 
variant r12, in which this mutation is reversed (Ser349 to Pro) 
suppresses RA-induced differentiation in chicken erythroid 
progenitors and trans-activation of the CAli gene. Thus, the 
data suggest that if v-erbA exerts its function through binding 
to T3REs and/or RAREs, we have to postulate the existence 
of a dimerization partner other than RXR. Alternatively, 
v-erbA might exerts its dominant negative action through 
an as yet unknown binding site that does not overlap with 
known T3REs and/or RAREs. 

RAR/RXR is talking to the basal transcription 
factor, TFIID, via an E1A-like activity present 
in EC-cells 

The TATA-binding protein, TBP, plays a pivotal role in tran-
scription by RNA polymerases I, II and III. The C-terminal or 
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core region of TBP is highly conserved among eukaryotes 
suggesting that protein contacts involving the core domain 
and other transcription factors, such as TBP-associated 
factors or TAFs, are also conserved. However, TBP required 
for polll transcription purifies as a single polypeptide from 
yeast whereas human TBP is tightly associated and hence 
co-purifies with a distinct set of TAFs yielding the basal 
transcription factor, TFIID. We have previously reported that 
TBP and RAR cooperate in transactivation of the RAR-,B2 
promoter in EC cells. The transactivation "signal" send by 
the activated RAR/RXR complex appears to be transmitted 
to the basal transcription factor, TFIID, via an EC-cell-
specific factor that has previously been described as an 
E 1 A-like activity. We have further observed that yeast TBP 
(yTBP) cannot cooperate with RAR/RXR in EC cells. This 
finding was surprising because in vitro the TBP/E1 A interac-
tion involves the core region of TBP that is highly conserved 
between human and yeast. Using yTBP mutants that have 
an altered TATA-box sequence specificity, we could show 
that yeast TBP can mediate RA-dependent trans-activation 
provided that adenovirus encoded E1A (13S or 289R) is 
co-expressed. Therefore, it is likely that yTBP is able to 
interact with mammalian TAFs and the inability of yTBP to 
cooperate with RAR/RXR might be due to a poor interaction 
of yTBP with the E1A-like activity present in EC cells. We 
took advantage of this discrepancy to analyse the interaction 
between TBP and E1A-LA in greater detail and provided 
the first genetic data that a direct interaction between TBP 
and E1A-LA is required to mediate trans-activation from an 
upstream transcription factor. Future experiments will focus 
on the isolation and ultimately cloning of the EC-cell-specific 
E1A-LA. 
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Biochemistry & cell biology of RNA processing 
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For most eukaryotic genes, post-transcriptional RNA pro-
cessing is required to generate the correct functional prod-
ucts. In the case of RNA polymerase II transcripts, which 
mostly correspond to protein coding mRNAs, this process-
ing includes both "splicing", i.e. excision of intervening se-
quences (introns) and cleavage and polyadenylation at the 
3' terminus. During the past year we have continued with 
biochemical studies of the basic mechanisms responsible 
for such RNA processing reactions, with a particular em-
phasis on the analysis of splicing in mammalian cells. 

Biochemistry of splicing 

Splicing involves assembly of the pre-mRNA substrate 
into a highly complex structure, termed a spliceosome, 
wherein intron removal takes place. Major sub-units of the 
spliceosome are small nuclear ribonuclear protein particles 
(snRNPs), in particular U1, U2, U4/6 and U5 snRNPs. Each 
of these RNP particles contains either one or two small 
RNAs (called U snRNAs) together with a specific set of 
proteins. In conjunction with additional, non-snRNP protein 
factors, snRNP particles bind to pre-mRNA at the respec-
tive 5' and 3' splice junctions, bring the 5' and 3' splice 
sites together and may also catalyse excision of the intron. 
During the past year we have studied how the catalytic 
steps of the splicing reaction can be regulated by reversible 
ser/thr-specifc protein phosphorylation. In collaboration with 
Dr. Philip Cohen (Dundee) we have shown that three toxins 
which specifically inhibit the protein phosphatase catalytic 
sub-units PP1 and PP2A, microcystin-LR, tautomycin and 
okadaic acid, all inhibit both catalytic steps of splicing. 

However, none of the toxins prevent the stable binding of 
each of the splicing snRNPs to introns. Splicing activity 
in toxin-treated extracts can be restored by adding back 
purified PP1 or PP2A catalytic sub-units. The data also 
indicate that PP1 and PP2A contribute differentially to the 
two catalytic steps of splicing, with PP1 playing the major 
role at step one and PP2A playing the major role at step 
two. Further experiments are under way to try and identify 
the native forms of kinases and phosphatases responsible 
for this regulation and to identify their substrates. 

Chemical synthesis of RNAs and 
site-directed ribose 2'-O-alkylation 

In collaboration with Brian Sproat's group of the Biochemical 
Instrumentation Programme we have studied the role played 
by the ribose group in functionally important RNA sequences 
through the chemical synthesis of RNA molecules contain-
ing 2'-O-alkyl riboses at selected nucleotides. A site-directed 
ribose alkylation analysis of hammerhead ribozymes, i.e. 
RNA enzymes which can be directed to specifically cleave 
targeted RNA sequences, has been performed using this 
approach. This has shown that at least 30 nucleotides in 
a 36 nucleotide hammerhead ribozyme can have ribose 
replaced with 2'-O-alkyl ribose with only a minor reduction 
in cleavage efficiency. At the same time the substituted 
ribozyme shows a dramatic increase in resistance to nu-
clease degradation. Further studies on the structure and 
function of chemically modified RNAs that have catalytic 
activity are in progress. Together with Brian Sproat and his 
colleagues we have also shown that short "branched' oligori-
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bonucleotides", i.e. RNAs containing a 2'-5' phosphodiester 
bond, are hydrolysed at the branch site by an enzyme in 
HeLa nuclear splicing extracts. This is believed to be the 
debranching enzyme which cleaves the 2'-5' phosphodi-
ester bond formed in introns during the pre-mRNA splicing 
reaction. We are currently purifying this enzyme from HeLa 
nuclear extracts and plan to analyse its properties and 
substrate specificity in detail using chemically synthesized 
branched oligoribonucleotides. 

Nuclear organisation of snRNPs and autoantigens 

The distribution of splicing snRNPs and other components 
of the splicing machinery in the nuclei of mammalian cells 
has been studied in detail. Wherever possible this has 
been done using co-localisation of both antisense probes 
to snRNAs and monoclonal antibodies to specific snRNP 
proteins. The in situ studies were done using biotinylated 
oligonucleotides made of both 2'-O-methyl and 2'-O-allyl 
RNA and their sites of binding detected by secondary la-
belling with fluorochrome-coupled avidin. This has proven 
to be a powerful method for detecting RNAs in situ and, in 
addition to the splicing snRNPs, we have used it to analyse 
other RNA species such as rRNA and nucleolar snRNAs. 
We have shown that each of the five snRNPs involved in 
pre-mRNA splicing are widely distributed throughout the nu-
cleoplasm of mammalian cells, excluding nucleoli. However, 
there is a quantitative difference in the distribution of U1 
snRNP relative to the others (U2, U4/U6 and U5), which 
are particularly concentrated in discrete nuclear organelles 
that appear in fluorescence staining as bright, round foci. We 
have recently identified these nuclear snRNP foci as being 
structures previously described by cytologists and electron 
microscopists called "coiled bodies". We have shown that 
coiled bodies are dynamic structures that undergo regulated 
assembly and disassembly both during interphase and mi-
tosis. The presence of snRNPs in coiled bodies is disrupted 
by treatment of cells with drugs that inhibit transcription. In 
collaboration with Dr. Michael Antoniou (London), we have 
found that the association of snRNPs with coiled bodies 
in uninduced mouse erythroleukemia (MEL) cells is lost 
when MEL cells have shut-off transcription at the end of 
the erythroid differentiation pathway. In collaboration with 
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Dr. Michael Green (Worcester), we have established that 
both sub-units of the splicing factor U2AF are present in 
coiled bodies together with snRNPs. We are also collab-
orating with Dr. Ulf Pettersson (Uppsala) and Dr. Barklie 
Clements (Glasgow) to study the effect of adeno and herpes 
simplex virus infections on nuclear organisation. Studies on 
patient autoimmune sera have identified antisera staining 
coiled bodies and other sera staining a distinct pattern of 
nuclear dots that do not co-localize with snRNPs. The sera 
staining coiled bodies recognize a previously described pro-
tein called p80 coilin. We have now isolated cDNA and ge-
nomic clones encoding coilin. The autoantigen recognized 
by two sera that produce a distinct pattern of nuclear dots 
has also been identified and both cDNA and genomic clones 
isolated. This autoantigen is a calcium binding protein of the 
"EF-hand" family. Experiments are in progress to study the 
functional roles of both these autoantigens. 
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Genetic analysis of ribonucleoproteins 

Group leader: D. Tollervey 

Fellows: Y. Henry, J. Morrissey, I. Russell, H. Wood 

Assistant: E. Petfalski* 

Ribosome synthesis in Saccharomyces cerevisiae 

In all eukaryotes examined to date, two groups of small 
RNA species are localized in the nucleus. The small nuclear 
RNAs (snRNAs) are nucleoplasmic, and all characterized 
species are involved in the post-transcriptional processing 
of pre-mRNAs. The small nucleolar RNAs (snoRNAs) are 
a non-overlapping group, which are implicated in the pro-
cessing of the pre-ribosomal RNA (pre-rRNA). In recent 
years it has become clear that the group of essential yeast 
snoRNAs and their associated proteins are required for the 
pre-rRNA processing reactions that generate 188 rRNA. 
Cis-acting sequences in the pre-rRNA which are necessary 
for these cleavages, have also begun to be characterized. 
The cleavages that generate the 258 rRNA can be made 
independently of 188 rRNA processing (Musters et al., 
1990) and no snoRNA has yet been found to be required for 
258 rRNA synthesis. The conserved, snoRNA-associated 
protein fibrillarin is, however, required for both 188 and 258 
rRNA synthesis, as well as for modification of the pre-rRNA 
and correct ribosome assembly. 

Functional analyses of novel small nucleolar RNAs 

The cloning and characterization of ten snoRNAs from 
S.cerevisiae has been reported. Analyses of two-
dimensional gels suggests that there are a number of ad-
ditional species that have not yet been analysed. During 
the past year, we have studied the function of two novel 
snoRNAs. 

snR30 is a small RNA species which has previously been 
cloned and shown to be essential for viability (Bally et al., 
1988), but was not known to be a snoRNA. We have shown 
by subnuclear fractionation and in situ hybridization (see 
below) that snR30 is localized in the yeast nucleolus. snR30 
is therefore the third snoRNA species which is required 
for viability in S.cerevisiae. Consistent with this localization, 
snR30 is associated with the nucleolar proteins NOP1 and 
GAR1, as judged by immunoprecipitation. In vivo cross-
linking using ATM-psoralen and UV irradiation, shows snR30 
to be associated with the 358 primary transcript of yeast 
pre-rRNA. To analyse the role of snR30 on the processing 
of pre-rRNA, a conditional allele was constructed by placing 
the expression of snR30 under the control of the inducible 
GAL1D promoter. Repression of snR30 synthesis results in 

a rapid depletion of snR30 and a progressive increase in 
cell doubling time. Ribosomal RNA processing is disrupted 
during the depletion of snR30; mature 188 rRNA and its 208 
precursor under-accumulate and an aberrant 238 pre-rRNA 
intermediate can be detected. 

The effects of depletion of snR30 are remarkably similar 
to those of depletion of all other characterized components 
of the small nucleolar ribonucleoproteins (snoRNPs); the 
snoRNAs U3 (Hughes & Ares, 1991), U14 (Li et al., 1990) 
and snR10, and the snoRNA-associated proteins NOP1, 
80F1 (which we have analysed in collaboration with the 
group of Eduard Hurt, EMBL) or GAR1 (which we have 
analysed in collaboration with the group of Bruno Lapeyre, 
Toulouse) (Plate 57). Depletion of any of these components 
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Model for the function of the essential snoRNP components 

We envisage that the different snoRNAs, and their associated 
proteins, assemble on the pre-rRNA in the 5' ETS region; the U3-
binding site at +470 is likely to be one region which is important for 
this assembly. This muti-snoRNP complex may form the "terminal 
knob", which can be seen in electron micrographs of pre-rRNA 
transcripts from yeast and other eukaryotes. Folding of the pre-
rRNA might bring the processing sites A 1 and A2 close to the sites 
of snoRNA binding and the snoRNP complex would then promote 
the pre-rRNA cleavages. 
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results in the inhibition of the processing of the 5' region of 
the pre-rRNA at sites Ai and A2 (Plate 57), and the loss of 
18S rRNA synthesis. They have, however, little effect on the 
processing of the 3' region of the pre-rRNA or the synthesis 
of 5.8S and 25S rRNA. 

Primer extension analyses to examine the effects of snR30 
on cleavage at site A2, revealed that in parallel with the 
decline in A2 cleavage, two neighbouring sites, designated 
A2.1 and A2.2, are cleaved at an increased level. Sites A2.1 
and A2.2 have clear sequence homology to the authentic 
A2 cleavage site, suggesting that the presence of snR30 
is required to allow the processing machinery to distinguish 
between A2 and cryptic cleavage sites of related sequence. 
This is the best evidence available to date for a direct role 
of the snoRNAs in specifying sites of pre-rRNA process-
ing. 

The gene encoding snR31 is closely linked to the SNR5 
gene, which encodes another snoRNA species. snR31 was 
shown to be localized to the nucleolus by sub-nuclear 
fractionation. As judged by immunoprecipitation, snR31 has 
the 5' TMG cap structure characteristic of snRNAs and 
snoRNAs, and is associated with the nucleolar proteins 
NOP1 and GAR1. Disruption of the SNR31 gene shows the 
RNA to be non-essential for viability. We are now performing 
detailed analyses to look for alterations in the processing of 
pre-rRNA in snr31- strains. 

Analysis of cis-acting sequences in the pre-rRNA 

For more than 20 years, the snoRNA U3 has been known 
to be associated with pre-rRNA by hydrogen bonding, but 
the precise sites of association were not localized. We have 
used AMT-psoralen cross-linking to show that yeast U3 
binds to at least two sites in the 5' external transcribed 
spacer (ETS) of the pre-rRNA. One of the binding sites 
(+470) shows 10 nt. perfect complementarity to a region 
of U3 predicted to be single-stranded. We envisage that 
U3 recognizes and binds to the pre-rRNA by sequence 
complementarity at this site. To determine function of the 
U3 binding sites, we have developed general techniques 
for the analysis of mutations in the pre-rRNA. Initial ex-
periments made use of reporter constructs consisting of an 
rDNA repeat carrying short neutral tags in the mature 18S 
and 25S rRNA, of the type previously described (Musters 
et al., 1990). This construct can be integrated into the 
chromosomal rDNA locus, allowing mutations in cis to be 
analysed in transcripts expressed by RNA polymerase I 
in the nucleolus. In collaboration with Monica Beltrame 
(Milan, Italy), we have used such tags to show that a 
deletion of 23 nt. surrounding the +470 U3-binding site 

or deletion of only the 10 nt. complementary to 
U3, abolish the synthesis of 18S rRNA in cis. To bet-
ter analyse the processing of the mutant pre-rRNAs, we 
have made use of a previously reported construct in which 
the pre-rRNA is synthesized under the control of an in-
ducible, RNA polymerase II, GAL promoter (Nogi et al., 
1991). Mutations of interest were cloned into this vector and 
transformed into a rpa190.1 strain, which is temperature-
sensitive for RNA polymerase I function. After growth at 
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the non-permissive temperature, transcription of the chro-
mosomal rDNA locus is sufficiently reduced to allow the 
analysis of the plasmid bourne rDNA by primer-extension 
and pulse-chase labelling. The kinetics of processing of 
the pre-rRNA expressed from the plasmid are essentially 
identical to those synthesized from the chromosomal rDNA 
locus. Using these techniques we can show that the ef-
fects of deletion of the +470 U3-binding site in cis, are 
identical to those of depletion of U3 in trans. This provides 
strong evidence that +470 is a functional binding site for 
U3. 

In situ hybridization of snoRNAs 

In collaboration with Stephen Kearsey (Oxford, U.K.) we are 
developing techniques for the visualization of snoRNAs by 
in situ hybridization with fluorescently-Iabelled riboprobes 
complementary to the yeast snoRNAs. We have used 
probes labelled with dioxygenin together with fluorescently-
labelled second antibodies, as well as probes directly la-
belled by incorporation of fluorescin-UTP. We can detect 
the snoRNAs U3, U14 and snR30 by this technique, and 
are currently analysing the subnuclear localization of the 
snoRNAs in a number of mutant strains. 

Mutations in NOP1 

In collaboration with the laboratory of Eduard Hurt (EMBL), 
we are analysing the function of NOP1, a nucleolar protein 
which is associated with all identified yeast snoRNAs. NOP1 
is the yeast homologue of the nucleolar protein fibrillarin, 
which is conserved in all eukaryotes tested. Last year we 
reported the identification of temperature-sensitive lethal 
mutations which demonstrate that NOP1/fibrillarin plays 
roles in all post-transcriptional steps in ribosome synthe-
sis; processing of the pre-rRNA to 18S and 25S rRNA, 
modification of the pre-rRNA and ribosomal subunit assem-
bly. Moreover, since NOP1 can be functionally replaced in 
yeast by the expression of Xenopus or human fibrillarin, 
all of the functions of fibrillarin are likely to be conserved 
from yeast to higher eukaryotes. Fibriliarin/NOP1 shares a 
repeated motif rich in glycine and arginine residues (the 
GAR domain) with the nucleolar proteins GAR1, SSB1, 
NSR1 and NOP3 from yeast and with nucleolin from higher 
eukaryotes. Despite the high evolutionary conservation of 
this domain, deletion of this region of NOP1 is not lethal. 
Strains expressing the allele are impaired in 
growth but viable. The level of the protein 
required to support growth appears to be higher than the 
level required for intact NOP1. Immunofluorescence shows 
that the snoRNAs and the protein are correctly 
localized to the nucleolus in the strain. On 
sub-cellular fractionation, both the snoRNAs and pre-rRNAs 
are more readily released from nuclei isolated from the 
mutant. This and other data, indicate that the GAR domain 
is not required for the localization of NOP1 to the nucleo-
lus, but makes an important contribution to the stability of 
the association of nucleolar components with the nucleo-
lus. 



Characterization of the EcoJi signal recognition particle 

Ecoli contains a ribonucleoprotein particle consisting of at 
least two components, the 4.5S RNA and the P48 protein. 
These are both homologous to components of vertebrate 
signal recognition particle (SRP), the SRP7S RNA and the 
SRP54 protein, respectively. During this year, work by Joen 
Luirink and others in the laboratory of Bernard Dobberstein 
(EMBL), with whom we have collaborated, has shown that 
the Ecoli particle is indeed an SRP as judged by its ability 
to specifically bind to functional signal sequences of nascent 
polypeptides in vitro. 

Only one region is shared between all SRP7S-like RNAs 
from eukaryotes, archebacteria and eubacteria, this is 
termed domain IV and consists of a stem-loop structure. The 
most highly conserved nucleotides in this region lie in the 
terminal tetranucleotide loop and in short sequences bulged 
from the stem. This conserved region is a candidate for the 
SRP54/P48 binding site. 

To determine the functional importance of this region within 
the Ecoli 4.5S RNA, we changed conserved residues by 
site-directed mutagenesis. Mutated alleles were tested for 
their function in vivo and for the ability of the correspond-
ing RNAs to bind P48 in vitro. Single point mutations in 
conserved nucleotides within the terminal tetranucleotide 
loop do not affect P48 binding in vitro and produce only 
slight growth defects. This suggests that the sequence of 
the loop may be important for the structure of the molecule 
rather than for specific interactions with P48. In support 
of this, a mutation affecting the loop-closing base-pair, 
C52-G57, results in growth defects, while a compensatory 
change in this base-pair restores wild-type growth. On the 
other hand, residues within the terminal-most bulged re-
gion (positions 47, 48, 49, 61 and 62) were found to be 
important both for the binding of P48 to the RNA and for 
optimal function of the RNA in vivo. The results show that 
this region is indeed the P48 binding site and furthermore 
suggest that a requirement for P48/SRP54 binding is the 
selective pressure maintaining these nucleotides across all 
kingdoms. 
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Cytoplasmic gene regulation 

Group leader: M.W. Hentze 

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

Visitor: E. Kempe* 

Assistants: B. Goossen, S. Quick 

Gene regulation converges at the level of mRNA transla-
tion, where genetic information serves as a template for 
the synthesis of proteins. Like all other levels of gene 
expression, translation can be regulated by physiological 
signals. Our group pursues three major goals: to contribute 
to defining the mechanisms involved in translation initiation, 
to elucidate mechanisms for translational regulation and to 
understand how a cytoplasmic trans-acting factor and its 
binding to target mRNAs maintain the cellular and systemic 
balance of the critical nutrient iron. Methodologically, we 
combine biochemistry, molecular biology and yeast genetics 
to investigate the above topics. 

Iron-responsive elements and iron regulatory 
factor in post-transcriptional regulation 

Iron-responsive elements (IREs) are mRNA elements 
rv30 nucleotides in length which are defined by RNA se-
quence and secondary structure characteristics (for a review 
see Kuhn & Hentze, 1992). A highly conserved cytoplasmic 

PLATE 58 

Summary of cytoplasmic gene regulation by 
the IRE/IRF system 

Iron-responsive elements are depicted as stem-
loop structures located in the 5' UTRs of fer-
ritin and erythroid 5-aminolevulinate synthase 
(eALAS) mRNAs or in the 3' UTR of trans-
ferrin receptor (TfR) mRNA. IRF is symbolized 
by a balloon-like structure. Iron is suggested to 
alter the iron-sulfur cluster of IRF, leading to 
a post-translational switch in function between 
IRE-binding and aconitase. Binding of IRF to 
IREs represses ferritin and eALAS mRNA trans-
lation and TfR mRNA stability. 
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protein, iron regulatory factor (IRF), binds to IREs and 
imparts iron-dependent regulation at the level of translation 
(to ferritin and erythroid 5-aminolevulinate synthase mRNAs 
via 5' UTR IREs) or mRNA stability (to transferrin receptor 
mRNA via 3' UTR IREs). Research during the past year has 
advanced our understanding of the biology of this regulated 
RNA-protein interaction in several aspects (Plate 58): how 
iron and other signalling pathways regulate the IRE-binding 
activity of IRF; characterization of biochemical properties of 
IRF; target mRNAs regulated by the IRE/IRF system; and 
how IRE/IRF complexes contral mRNA translation. 

Translational regulation of erythroid 5-amino-
levulinate synthase mRNA (0. Melefors) 

80% of all iron in the body is utilized to synthesize haem 
in erythroid cells. Haem biosynthesis involves 8 enzymes, 
of which the first, 5-aminolevulinate synthase (ALAS), ap-
pears to constitute a rate limiting step. An IRE was iden-
tified in the 5' UTR of eALAS mRNA. We demonstrated 
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directly that iron regulates the translation of eALAS mRNA 
in murine erythroleukemia cells. During erythroid differenti-
ation, the molar ratio between IRF and IRE-bearing mRNAs 
changes profoundly: eALAS mRNA levels increase ",50-
fold, whereas IRF expression remains constant. The con-
sequences of these changes on the regulation of IRF target 
genes (eALAS, ferritin, transferrin receptor) are currently 
under investigation. 

Nitric oxide triggers IRE-binding in vivo 
(B. Goossen & K. Pantopoulos with 
G. Weiss, Innsbruck) 

Nitric oxide (NO) is a short-lived, diffusible gas which is 
released by several different cell types and which has gained 
considerable interest as a biological signalling molecule and 
for its dose-dependent cytotoxicity. The cytotoxic effects of 
NO can, at least in part, be explained by its chemical inter-
action with iron-containing enzymes such as ribonucleotide 
reductase and aconitase. Based on findings suggesting that 
IRF is an aconitase-like iron-sulfur protein (see below), we 
investigated the effect of stimulation of NO-synthase on IRF 
in K562 cells. We showed that NO increases the IRE-binding 
activity of IRF and causes specific translational repression 
of IRE-bearing CAT indicator mRNAs (Plate 59). Future 
work will further define the biological role of NO-mediated 
signalling to IRF. 

Expression and functional characterization 
of recombinant IRF (S. Quick & B. Goossen 
with L. Kuhn, Epalinges) 

A full length cDNA encoding human IRF was expressed in 
vaccinia virus-infected HeLa cells (with the help of Henk 
Stunnenberg's group) and in E.eoli. Recombinant native 
hlRF is functional in IRE-binding and translational repres-
sion assays. Previously, we found the primary amino-acid 
sequence of IRF to be highly homologous with the iron-
sulfur (Fe-S) protein aconitase. 100% of the functional site 
residues identified from the crystal structure of aconitase are 
conserved in IRF, suggesting that IRF is an Fe-S protein 
itself. With this information, we reconstituted iron regulation 
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Post-transcriptional control mediated by the 
nitric oxide pathway 

Nitric oxide (NO) stimulates the IRE-binding 
activity of IRF and represses IRE-CAT mRNA 
translation in K562 cells. IRF is shown as a 
balloon-like structure with a 4Fe-4S cluster. This 
cluster is affected by low iron levels or by the 
presence of NO. EMSA =electrophoretic mobility 
shift assay. 

of the IRE-binding activity of natural and recombinant hlRF 
in vitro. Moreover, IRF also has iron-dependent aconitase 
activity. Using E.eo/i-derived hIRF, we demonstrated that 
IRF is an aconitase in its iron-loaded 4Fe-4S state, whereas 
low iron levels appear to perturb the 4Fe-4S cluster leading 
to IRE-binding (Plate 60). 
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Dual iron-dependent function of IRF as an IRE-binding protein or 
aconitase. The circular structure symbolizes IRF. In its iron-rich 
"aconitase form", IRF is shown with a 4Fe-4S cluster unable to bind 
to IREs. In cells starved for iron, the crossing of the 4Fe-4S cluster 
suggests the absence of such a cluster from the protein. This form 
is shown to function as an IRE-binding protein. We do not yet know 
whether the IRE-binding form has a 3Fe-4S cluster or represents 
the apoprotein. 
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Can IRE-IRF interactions regulate mRNA fate 
also in Saccharomyces cerevisiae? (R. Stripecke 
& B. Goossen with J. McCarthy, Braunschweig) 

Saccharomyces cerevisiae controls its iron metabolism by 
pathways different from mammalian cells and does not 
express an endogenous IRF homologue. We have ex-
pressed IRF in Saccharomyces cerevisiae under control 
of a galactose-inducible promoter. Transformants grown in 
galactose-containing media exhibit high level IRE-binding 
activity, whereas IRF cannot be detected in cells grown 
in lactate media. Indicator plasmids harboring an IRE in 
the 5' UTR or the IRE-containing transferrin receptor reg-
ulatory region in the 3' UTR of luciferase mRNAs have 
been constructed. The effect of IRF induction on luciferase 
mRNA translation or stability will be assessed with a view 
towards functional in vivo systems which offer the genetic 
versatility that is characteristic of Saccharomyces cere-
visiae. 

In vitro reconstitution of IRF/IRE-mediated 
translational repression (N.K. Gray) 

IRE/IRF-mediated translational control has been recon-
stituted in vitro using CAT indicator transcripts bearing 
Wild-type or mutant IREs. In wheat germ extract (WGE), 
translation of IRE-CAT mRNA was shown to be re-
pressed by natural or recombinant hIRF. In contrast to 
WGE, rabbit reticulocyte lysate (RRL) contains endoge-
nous IRF activity. Translation of IRE-CAT in RRL is re-
pressed and can be relieved by titration with synthetic 
IREs. These defined systems are currently used for bio-
chemical studies aimed at dissecting the mechanism by 
which the IRF/IRE complex interferes with translation ini-
tiation. 

Function of bacteriophage or spliceosomal 
proteins as surrogate translational repressors 
in vivo and in vitro (R. Stripecke) 

The IRE/IRF system currently offers the only physiologi-
cal example for translational regulation by mRNA-protein 
interactions in eukaryotic cells. This raises the question 
whether specific properties of IRF (in addition to high affinity 
IRE-binding) are required to block translation or whether 
the formation of a high affinity RNNprotein complex in the 
5' UTR of an mRNA suffices in principle for specific transla-
tional repression. Binding sites for the bacteriophage protein 
MS2 or for the spliceosomal protein U1A were introduced 
into a cap-proximal position of indicator constructs. In vitro 
translation experiments and transfection studies in HeLa 
cells demonstrated that the cognate binding proteins specif-
ically repress translation by binding to the mRNA. These 
experiments establish that RNA-binding proteins without 
physiological functions in eukaryotic translation can function 
as translational repressors in vivo and in vitro. In anal-
ogy to experiments described for IRE/IRF, we currently 
examine the function of these systems in Saccharomyces 
cerevisiae. 
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Targeted antisense arrest of mRNA translation 
by modified oligoribonucleotides in vivo and 
in vitro (H.E. Johansson & K. Pantopoulos) 

To study and characterize the translation initiation pathway 
and cellular components that interact with an mRNA during 
the different phases of initiation, we wish to arrest and trap 
initiation intermediates on the mRNA template. Antisense 
2' allyl-oligoribonucleotides ("oligos") directed against vari-
ous regions of three different mRNAs were tested for their 
ability to block cell-free translation of the target transcript 
while leaving the other two unaffected. Oligos hybridizing to 
any region of the 5' UTR or within 15 nucleotides of the AUG 
initiation codon were shown to inhibit translation without af-
fecting the integrity of the arrested mRNA. Thus, depending 
on their location, the oligos will likely interfere with different 
steps of the initiation cascade. Oligos that were complemen-
tary to the rest of the open reading frame or the 3' UTR did 
not affect translation. Biotinylated oligos are currently being 
tested as "hooks" for the purification and characterization of 
arrested initiation factor/mRNA complexes. In addition, we 
are in the process to devise techniques to efficiently deliver 
these oligos to cell-lines. If successful, we will test these 
oligos as tools for translational arrest in vivo. 

RNA polymerase II promoters differentially 
affect mRNA metabolism (with A. Kulozik, Ulm) 

Nonsense mutations introduce premature translation stop 
codons into the coding regions of mRNAs. We compared 
the steady state levels of mutated and wild-type ,a-globin 
mRNAs and found 5-10-fold lower levels when the mu-
tation affected the first or second, but not the third exon. 
The molecular basis for this observation is unknown, but 
transcription rates (as determined by nuclear run-off ex-
periments) have been shown to be normal. Substitution of 
the ,a-globin promoter by the herpes simplex virus type 1 
thymidine kinase gene promoter but not the cytomegalovirus 
immediate early promoter rescued the cytoplasmic accumu-
lation of mutated mRNAs to wild-type levels. All mRNAs 
were shown to utilize the same transcription start sites. 
Thus, different RNA polymerase II promoters appear to 
exert differential effects on the post-transcriptional fate of 
the maturing mRNAs. Future studies will try to identify the 
determinants underlying this phenomenon. 
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The structure of active promoters in chromatin 

Group leader: P.B. Becker 

Fellows: C.E. Mitchelmore, J.-P. Quivy*, R. Sandaltzopoulos* 

Visitor: T. Blank* 

Assistant: G. Wall 

The organization of genomic DNA in a eukaryotic nucleus 
as chromatin has important implications for the principles 
that govern transcriptional regulation. At present only the 
lowest level of the hierarchy of structures, the wrapping of 
DNA around a histone octamer to form a nucleosome is well 
understood. Nucleosomes have long been known to be un-
specific inhibitors of transcription because many transcrip-
tion factors cannot recognize their binding site when DNA 
is bent over the surface of a nucleosome. Consequently, 
mechanisms exist to insure that important regulatory regions 
are kept accessible for interacting proteins. Active sites are 
generally found to be hypersensitive when DNase I is used 
to probe for accessibility in chromatin. The molecular basis 
for this changed chromatin is not understood, hypotheses 
ranging from the complete absence of nucleosomes to local 
changes in the modification status of the histones. It has 
become clear that a special class of transcription factors 
exist that function by counteracting nucleosomal inhibition 
either by competing for nucleosome binding or by desta-
bilizing pre-existing nucleosomes. We are interested in the 
general principles that govern promoter accessibility in chro-
matin and in the interplay between transcription factors and 
nucleosomes in the establishment of an active promoter. 
Our research follows two major lines of experimentation: (1) 
a detailed description of protein-DNA interactions and chro-
matin structure at promoters in various states in vivo, and 
(2) the development and biochemical analysis of a cell-free 
system for the reconstitution of promoters in chromatin. Our 
experimental object is the developing embryo of the fruit fly 
Drosophila melanogaster. 

In vivo analysis of promoter structure 

The visualization of protein binding and nucleosomal posi-
tions at specific sequences in the nucleus requires a sophis-
ticated footprinting methodology that poses high demands 
both with respect to sensitivity and specificity. We have 
established the ligation-mediated PCR footprinting (LMPCR) 
technique in the laboratory and have improved the proto-
col considerably. In pilot experiments we have been able 
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to detect the inducible binding of HSF, the transcriptional 
activator of heat shock genes, to the promoter of the hsp26 
gene in isolated nuclei and intact embryos. We are presently 
applying the technique to search for positioned nucleo-
somes which are close to or even within a promoter. The 
wrapping of DNA around the positioned histone octamer 
automatically generates a defined three-dimensional path 
of the DNA which, in the context of a promoter, determines 
the arrangement of sequence elements with respect to 
each other and may ensure efficient interaction between the 
binding factors (Plate 61 B). Our first target is the promoter 
of the hsp27 gene which is induced both by heat shock 
and ecdysone in tissue culture cells. Topics for the next 
few months are: (1) Can we detect positioned nucleosomes 
that define active promoter structure? (2) Which changes in 
protein interaction and chromatin structure can be visualized 
upon induction of the gene with' ecdysone? 

Biochemical characterization of the 
nucleosome assembly mechanism 

For our studies on transcriptional regulation in a chromatin 
environment we have developed a cell-free system derived 
from preblastoderm fly embryos (Becker & Wu, 1992). The 
embryo extract efficiently assembles long arrays of nucleo-
somes with regular spacing from stored maternal assembly 
components. The linker histone H1 can be incorporated into 
the newly created chromatin with physiological stoichiome-
try. The highly complex embryo extract is a rich source of 
chromatin assembly activities, but also contains a multitude 
of undesirable activities that prevent its use in sophisticated 
experiments. We have, therefore, begun the biochemical 
fractionation of the molecules that are responsible for the 
assembly of an ordered array of nucleosomes. We have 
purified the core histones and DNA topoisomerase I from 
embryos and are in the process of identifying the native 
histone carrier proteins. We also hope to uncover the na-
ture of the factors that are responsible for maintaining the 
regular spaces between the nucleosomes, a main feature 
of nuclear chromatin. Upon fractionation, the nucleosomal 
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repeat length (RL) of normally 185 base pairs is lost in two 
steps: upon loss of a very labile activity the RL is 165 bp, 
in entirely artificial systems close-packed nucleosomes are 
found (RL=150 bp). The goal of these efforts is the estab-
lishment and characterization of a chromatin reconstitution 
system from purified components. 

Reconstitution of active promoters in chromatin 

A prerequisite for any attempt to reconstitute a promoter 
structure in vitro is a good knowledge of its structure in 
vivo. We therefore decided to use the well-characterized 
promoters for the hsp70 and hsp26 genes as model genes. 
In this report only work on the hsp26 promoter will be 
summarized. The promoter features an array of binding sites 
for the transcriptional activator HSF as well as patches of 
interaction for a protein called GAGA factor (Plate 61 A). The 
chromatin structure of the promoter has been described in 
detail by S. Elgin and J. Lis and coworkers. Main features 
are a hypersensitive region that is punctuated by a posi-
tioned nucleosome between proximal and distal heat shock 
elements (HSEs). Thomas and Elgin (1988) have proposed 
that the positioned nucleosome facilitates interaction of HSF 
bound to the distal HSEs with promoter-proximal factors 
(Plate 61 B). A number of studies by both groups have 
identified the GAGA elements as being crucial for setting 
up the right chromatin configuration and therefore, for the 
functioning of the promoter. 

Functional analysis of the hsp26 promoter in vitro 

We have started a detailed analysis of the functional ele-
ments in the hsp26 promoter in transcription extracts that 
represent either the uninduced or the heat-induced state of 
the embryo. Whereas HSF binding to the proximal HSEs 
results in a dramatic stimulation of transcription, we do 
not observe any effect mediated by the distal elements in 
vitro. We speculate that HSF bound to distal sites may 
need the spatial arrangement created by the positioned 
nucleosome to efficiently interact with the transcriptional 
machinery. Deleting the major binding site for the GAGA 
factor reduces transcription only under conditions where 
non-specific DNA binding proteins repress the promoter par-
tially. This fits with the suggested role of the GAGA protein 
as an anti repressor (Kerrigan et a/., 1991). Assembly of the 
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The structure of the Drosophila hsp26 promoter 

(A) A schematic representation of the known binding sites for 
transcription factors upstream of the start site of transcription. 
TATA: TATA box, binding site for the general factor TFIID; 
HSE: heat shock element, binding site for the activator heat 
shock factor; GAGA: GAGA elements, binding site for the 
antirepressor GAGA factor; arrow: start site of transcription. 

(8) A hypothetical model of promoter configuration after Thomas 
and Elgin (1988). A positioned nucleosome results in an 
arrangement of protein binding sites that maximizes protein-
protein interactions (shaded sphere) leading to transcriptional 
activation. 

gene into chromatin using the extract from transcriptionally 
silent, preblastoderm embryos results in an inhibition of 
transcription with a kinetics that follows the time course of 
core nucleosome assembly. One of the goals of our studies 
is to find out whether the known transcription factors alone 
or in combination are able to overcome the inhibition brought 
about by chromatin. 

Nucleosome positioning on the hsp26 promoter 

Guided by the findings of Thomas and Elgin (1988) we spec-
ulate that the positioned nucleosome in the hsp26 promoter 
may be important for its proper functioning in vivo. So far 
we only have weak indications for rotationally positioned 
nucleosomes when chromatin is reconstituted by the fly 
embryo extract. We have used a histone dialysis procedure 
to reconstitute nucleosomes on the hsp26 promoter to as-
sess whether we could detect a preferential positioning of 
a nucleosome on the sequences that are occupied in vivo. 
The analysis revealed that the entire promoter region di-
rected the assembly of rotationally positioned, close-packed 
nucleosomes with no noticeable preference for the native 
position. We assume that the DNA sequence information 
may not be sufficient to specify a unique positioning and 
that in vivo DNA bound proteins restrict nucleosomal posi-
tions. Again the GAGA factor is an obvious candidate for 
such a protein. We are currently exploring the options to 
put the transcription factors in direct competition with the 
nucleosome assembly machinery. 

Recombinant transcription factors for 
promoter reconstitutions 

We have expressed the key DNA binding proteins involved 
in hsp26 transcription (TBP, HSF, GAGA protein) in E.coN 
and also in higher eukaryotic cells via vaccinia virus (with 
help from the Stunnenberg group) and baculovirus vectors. 
We are currently testing the functionality of the purified 
proteins in a variety of assays, such as DNA binding and 
in vitro transcription in the context of chromatin. There are 
indications that the GAGA factor as found in the cell is 
actually a complex of a set of polypeptides of which we 
only over-express the DNA binding peptide. We will thus 
also start a biochemical characterization of the native GAGA 
factor and compare it to the recombinant GAGA proteins. 
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Promoter reconstitutions 

The reconstitution of active promoters in chromatin is a 
multi-faceted task that requires optimal components, such 
as highly concentrated functional transcription factors and 
a defined system for the assembly of nucleosomes that 
resemble the native chromatin. Since the transcription fac-
tor binding, nucleosome assembly and transcription reac-
tions all have different requirements for optimal results, the 
straight mixing of components compromises every single 
reaction. To enable the quick purification of intermediates 
of a complex reconstitution protocol we began to couple our 
DNA templates onto a solid paramagnetic bead support and 
we are currently developing procedures to reconstitute and 
analyse chromatin on this immobilized template DNA. 
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The POU factors in murine development 

Group leader: H.R. Scholer 

Fellows: A. Brehm*, H. Hess, C. Ovitt*, S.L. Palmieri*, W. Peter, I. Sylvester, V.1. Veom* 

Assistant: K. Hubner 

The period of murine development following fertilization of 
the egg through early post-implantation is characterized by 
events that shape the structure of the embryo and inte-
grate it into the maternal environment. To bring about these 
essential changes, cells of the embryo proliferate rapidly, 
differentiate and migrate, and thereby form the rudiments 
of the body plan. Genetic analysis of both vertebrate and 
invertebrate development has contributed to the idea that a 
precise program of maternal and embryonic gene expres-
sion is elaborated during early development and underlies 
the orderly progression of morphogenetic events. 

Members of the POU family - a group of transcriptional 
regulatory proteins - are expressed in the murine embryo 
(Scholer, 1991). This family has been defined as a group of 
related proteins containing a bipartite DNA binding region. 
The POU region consists of a homeodomain and an amino-
terminal domain designated as the POU-specific domain. 
The regions outside these two domains are highly divergent 
and contain domains required for transcriptional activation. 
Several POU factors activate transcription via the octamer 
motif (ATTTGCAT) , and have been termed octamer-binding 
proteins or Oct factors. Two of them, Oct-4 and Oct-6, 
are expressed in the pre-implantation embryo and their 
expression patterns suggest that they may be involved in 
the regulation of events in early murine development. 

Our aim is to understand at a molecular level the roles which 
Oct-4 and Oct-6 play in the developmental processes of 
the murine embryo. We have started to investigate various 
aspects of Oct-4 and Oct-6, especially in the following 
directions. 

- Elements and regulatory proteins required for Oct-4 ex-
pression in the totipotent and pluripotent progenitor cells 
of the early mouse embryo. 

- The role of Oct-4 and Oct-6 in the early mouse embryo. 
- Target genes of Oct-4 and Oct-6. 
- Involvement of bridging factors (BRF) in transcriptional 

activation by Oct-4 and Oct-6. 

After joining the EMBL at the end of 1991 the group has 
first established a number of tools required for the projects. 
A prerequisite for our studies is the acquisition of sufficient 
amounts of Oct-4 and Oct-6 proteins and antibodies directed 
against both. 

Oct-4 and Oct-6 were obtained by expression in E.co/i. 
Large amounts of Oct-4 and Oct-6 proteins were produced, 
but both were found almost exclusively in inclusion bodies. 
Only a minor fraction of Oct-4 and Oct-6 could be obtained 
from the supernatant. Specific binding of Oct-4 and Oct-6 to 
the octamer sequence was achieved by development of a 
procedure in which inclusion bodies are suspended in guani-
dinium and renatured in the presence of L-arginine, and 
glutathione as an oxido-shuffling reagent. By this method 
at least 50% of recovered protein is renatured and capable 
to bind DNA. 

To generate 35S-labelled Oct-4 and Oct-6 protein for fil-
ter probing experiments we combined optimized bacterial 
culturing conditions with an in vivo labelling procedure. 
Decreasing the incubation temperature and time leads to 
higher yields of soluble Oct-4 and Oct-6. Expression in 
the presence of rifampicin and 35S-methionine resulted 
in highly specific incorporation of radioactivity in Oct-4 
and Oct-6 which could be easily purified. In this way we 
could circumvent the denaturation-renaturation procedure 
required for large scale preparations of functional pro-
teins. 

To generate antibodies, Oct-4 and Oct-6 were gel-purified 
from the inclusion bodies and 500 mg protein was injected 
per rabbit which were then boosted two times with the 
same amount of protein. Both antibody preparations were 
immunopurified by using Oct-4 and Oct-6 protein columns. 
A heterologous Oct column was used first to deplete the 
respective serum from cross-reacting antibodies. This re-
sulted in antibodies that had no detectable cross-reactivity 
in the gel retardation assay and in the western blot analy-
sis. 
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Determination of the regulatory elements required 
for Oct-4 expression in the pluripotent progenitor 
cells of the early mouse embryo (I. Sylvester & 
Y.1. Yeom) 

The aim of this project is to investigate the regulation of the 
Oct-4 gene during murine embryogenesis. As determined 
by in situ hybridization, Oct-4 expression is developmentally 
regulated at several embryonic stages: Oct-4 mRNA is 
found in maturing and ovulated oocytes. Upon fertilization 
Oct-4 message decreases to a background level at the 
four-cell stage. At the eight-cell stage, the mRNA level 
is similar to that in growing oocytes, indicating that this 
gene is activated between the four- and eight-cell stage. 
Between the 16-cell and the expanding blastocyst stage, 
the embryos contain abundant Oct-4 mRNA which is evenly 
distributed throughout the embryo. In hatched blastocysts 
this mRNA is predominantly located in the inner cell mass. 
After implantation of the embryo, Oct-4 mRNA is confined to 
the embryonic ectoderm and later to neuroectoderm. After 
8.5 days post coitum (p.c.), expression cannot be detected 
in somatic cells but is restricted to primordial germ cells. 

To generate transgenic mice carrying Oct-4/lacZ fusions we 
have begun to define regulatory elements that are responsi-
ble for the expression pattern of Oct-4. Since Oct-4 is found 
to be expressed in the totipotent and pluripotent stem cells 
of the pre-gastrulation embryo and is down-regulated during 
differentiation of these cells, we are especially interested 
in regulatory elements that drive Oct-4 expression in these 
cells. 

An important tool for defining regulatory elements is the 
easy availability of cell-lines that express Oct-4 and Oct-6, 
namely embryonic stem (ES) and embryonal carcinoma 
(EC) cell-lines. In initial studies we have used an 11.7 kbp 
genomic fragment containing about 5 kbp upstream and 
2 kbp downstream sequences. We tested the construct 
in different ES and EC cell-lines using different reporter 
genes. To our surprise, although high levels of Oct-4 are 
normally found in these cells, our construct gave only weak 
expression levels which were lower than those obtained 
for the tk proximal promoter. We have isolated cosmids 
containing inserts with up to 50 kbp that will be used to 
determine if remote enhancers are missing. 

The role of the Oct-4 gene in embryonic stem cells 
and in the pre-implantation embryo; Oct-4 and 
Oct-6 target genes (H. Hess, C. Ovitt, S.L. Palmieri 
& Y.I Yeom) 

The assumption that the POU family member Unc-86 repre-
sents an important component of a mechanism linking cell 
identity to cell lineage has led us to ask if other POU factors, 
specifically Oct-4 and Oct-6, may also be involved in lineage 
specificity. We will also address the question of whether 
Oct-4 acts early in the hierarchy of regulatory genes required 
for the identity and maintenance of the germ line lineage. 

As a first step we have examined the temporal expression 
of Oct-4 protein in the pre-implantation embryo, and will 
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also look at expression in ES cells following differentiation, 
in post-implantation embryos, and in developing organs 
(focusing on testis, ovary and brain). 

Inducible Oct-4 sense and antisense expression vectors are 
currently being made to investigate if: 

(a) Oct-4 is required for the continued proliferation and/or 
pluripotency of ES cells, 

(b) Oct-4 is required for the identity and maintenance of 
the germline lineage. 

Constructs to inactivate the Oct-6 gene by homologous 
recombination have been made and are currently being 
tested. 

Large amounts of polyclonal Oct-4 and Oct-6 antibodies 
have been purified according to the procedure described 
above to precipitate chromatin fragments according to a 
modified Gould & White protocol (1990) as a means to 
identify target genes. 

Involvement of bridging factors in transcriptional 
activation by Oct-4 and Oct-6 in embryonic stem 
cells (A. Brehm, K. HObner & W. Peter) 

To investigate the interaction of Oct-4 and Oct-6 with reg-
ulatory proteins in embryonic stem cells, we are taking the 
following approaches. 

Establishment of an in vivo bridging factor assay 

We postulate that Oct-4 requires BRFs to activate tran-
scription from a distance and that Oct-4 specific BRFs are 
expressed in ES and EC cells (Scholer et al., 1991). Fur-
thermore, we postulate that E1 A acts as a promiscuous BRF 
allowing Oct-4 to be active in differentiated cells. The basis 
for a functional assay is that an interaction of Oct-4 and E1A 
is independent of DNA binding. If we can confer this property 
to ES cell-specific BRFs, over-expression of Oct-4 mutated 
in its DNA binding domain should titrate out these BRFs 
and as a consequence, decrease the transcriptional activity 
of a reporter gene. When squelching is observed, additional 
mutagenesis of Oct-4 will be implemented to abolish the 
interaction between Oct-4 and the BRFs. This should relieve 
squelching and the reporter gene should remain active. If the 
interaction of such BRFs with Oct-4 is specific, squelching 
should not be observed with POU factors that are restricted 
to other cell types (e.g. Oct-2). Inserting the BRF interaction 
surface of Oct-4 into such POU factors should result in a 
protein that can compete with Oct-4 for BRFs. 

We first established a strong expression system for ES and 
EC cells. To detect exogeneous Oct-4 in EC cells, an Oct-4 
protein with a small deletion in the transactivation domain 
was used. This resulted in a faster migrating complex in 
the gel retardation assay and western blot analysis. The 
latter is important because the DNA binding mutants are 
not detectable in the gel retardation assay. Promoters which 
were considered to be very active in ES and EC stem cells 



have turned out to be too weak in our assay. Thus, we 
have used two strong elements in combination: the kFGF 
enhancer directing the PGK promoter. With this expression 
vector, about 10 to 20-fold more Oct-4 protein can be 
transiently expressed in EC cells compared to endogenous 
levels. 

To abolish DNA binding of the transiently expressed Oct-4, 
mutations were introduced into the DNA binding domain. 
To visualize the interaction of Oct-4 and DNA, a model 
was generated in cooperation with Gerrit Vriend from the 
Biocomputing Programme. The basis for this model was the 
published coordinates of the eng railed homeodomain/DNA 
complex. Replacement of the eng railed homeodomain by 
that of Oct-4 resulted in a model in which specific amino-
acids were predicted to be involved in protein-DNA inter-
actions. Mutation of one of these residues abolished DNA 
binding of bacterial and transiently expressed Oct-4. In 
agreement with our model, transient expression of this Oct-4 
mutant in EC cells decreased reporter activity to 5% of the 
original level. We are currently introducing further mutations 
into the Oct-4 protein to map the putative interacting sur-
face(s} of Oct-4 and the BRFs. 

Co-immunoprecipitation of proteins 
with Oct-4 and Oct-6 antibodies 

Oct-4 antiserum has been used to co-immunoprecipitate 
proteins from in vivo 35S-labelled EC cell extracts. One 
candidate protein which has been detected only in EC cell 
extracts has a molecular weight of 50 kDa. 

A binding assay to detect proteins binding 
to DNA bound Oct-4 and Oct-6 

The most convenient and rapid way to analyse proteins 
interacting with Oct-4 is the gel retardation assay. Using 

this assay we have previously described conditions allowing 
binding of E1A to Oct-4. By applying these conditions to F9 
EC cell extracts, we have obtained a candidate for a F9 cell-
specific protein interacting with Oct-4. The complex contains 
Oct-4 but is not due to dimerization of the protein. Other 
experiments have indicated that this protein is not Oct-6 and 
is absent in differentiated cells. With increasing amounts of 
Oct-4, another Oct-4 containing complex is detectable using 
extracts from both undifferentiated and differentiated cells. 
We are currently determining whether both proteins directly 
bind to DNA or if binding is mediated by Oct-4. As a first 
step smaller DNA fragments have been used resulting in the 
same complexes. Mutated Oct-4 proteins are currently being 
tested in the gel retardation assay to determine whether 
they can compete with wild-type Oct-4 for binding to the 
two proteins. 

Filter probing analysis to identify proteins 
binding to Oct-4 and Oct-6 

Filter probing experiments with radioactively labelled Oct-4 
on electrophoretically separated proteins revealed several 
candidates for proteins interacting with Oct-4. A further anal-
ysis will be done with mutations defined by the squelching 
assay. 

Recently we have started to establish an in vitro transcrip-
tion assay to study bridging factors. 
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Inducible gene expression 

Group leader: F. Stewart 

Fellows: R. Aasland, C. Logie, M. Nichols*, L. Ringrose* 

Assistant: H. Thomas 

In higher eukaryotes, cellular phenotype is determined 
by selective usage of the genome. Phenotype is flexible 
and environmental changes, developmental cues or hor-
mones are able to elicit rapid cellular responses that induce 
changes in gene transcription. Defining the mechanisms by 
which a cell changes gene expression is essential not only 
for the understanding of the inherent plasticity of phenotype 
but also to determine the most practical ways in which 
cellular phenotype can be manipulated. Two broad classes 
of signal transduction pathways leading to altered gene 
transcription have been identified, namely that mediated by 
the nuclear receptors which are activated by steroid and 
steroid-like molecules and that mediated by second mes-
sengers, such as cyclic AMP. In the last year, our approach 
to the mechanisms underlying rapidly induced changes in 
gene transcription has focused on signal transduction mech-
anisms employed by the nuclear receptors. 

Retinoid induction of HOX gene clusters 
(R. Aasland) 

Retinoids are thought to play a vital role in the patterning 
of the vertebrate embryo with their ability to processively 
induce transcription of the HOX gene clusters being a key 
aspect. We are looking for the mechanism by which retinoids 
induce transcription of the HOXA cluster. To establish an 
experimental model for this study, three different embryonal 
carcinoma (EC) cell-lines have been examined by RNase 
protection analysis for Hoxa-1, a-2, a-3, a-4, d-1 and d-4 
expression before and after induction with either all-trans or 
9-cis retinoic acid (RA). The results were similar for all 3 
EC lines and for all-trans and 9-cis RA, either administered 
seperately or together. As described previously (Simeone 
et al., 1990), RA treatment results in processive induction 
of the HOX cluster starting at the 3' end with Hoxa-1, 
being the first, followed by its 5' neighbour, Hoxa-2 and 
thence its 5' neighbour, Hoxa-3. Since expression levels for 
the Hoxd genes appeared lower, and to be induced more 
slowly, than for the Hoxa genes, we are concentrating efforts 
on the HOXA cluster by looking for RA-induced alterations 
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in the surrounding chromatin. In addition to identifying pu-
tative retinoic acid receptor binding sites, which will allow 
us to compare the mechanism of action in chromatin of 
a heterodimerizing nuclear receptor with previous studies 
on a homodimerizing nuclear receptor (Reik et al., 1991), 
we anticipate that a chromatin-based approach will reveal 
certain mechanistic aspects such as whether activation is 
accompanied by global, processive or site-specific dere-
pression. 

Heterodimerization of the Drosophila 
ecdysone receptor (H. Thomas) 

Ecdysone is the only well-characterized steroid hormone in 
invertebrates. To study its mechanism of action, we looked 
for ecdysone responsiveness in mammalian cell-lines by 
transient cotransfection of the ecdysone receptor (EcR) and 
reporter plasm ids carrying ecdysone response elements 
(EcREs). Initial failures to observe ecdysone responsive-
ness were due to the fact that (a) certain ecdysones, 
including the authentic Drosophila hormone, ,B-ecdysone, 
do not appear to penetrate mammalian cells, and (b) only 
certain cell-lines appeared capable of sustaining ecdysone 
responsiveness. Upon examination of the latter point, we 
observed that EcR required a heterodimer partner, such 
as retinoid X receptor (RXR) or its Drosophila homologue, 
ultraspiracle (USP), for DNA binding activity. Cotransfer of 
EcR and RXR or USP into a non-responsive cell-line re-
sulted in ecdysone responsiveness. In the case of EcR/RXR 
co-transfection, trans-activation could also be stimulated 
by the ligand for RXR, 9-cis RA, and co-administration 
of both an ecdysone and 9-cis RA resulted in synergistic 
enhancement of reporter gene expression. These results 
place EcR in the heterodimerizing class of nuclear recep-
tors. Furthermore they demonstrate that the protein-protein 
interaction between the heterodimerizing members of the 
nuclear receptors is highly conserved, and not merely re-
stricted to retinoid responsiveness, and suggests that anal-
ogous interactions will be found throughout vertebrate and 
invertebrate lineages. 



A synthetic inducible expression system 
based on steroid hormones (C. Logie) 

Many studies in mammalian systems have been limited by 
the absence of good inducible expression strategies and 
one of our prime objectives is to apply the experience 
acquired from the study of steroid hormones and rapid 
transcriptional responses to this problem. It had been pre-
viously shown (Picard et a!., 1988) that fusing hormone 
binding domains (HBDs) to various oncoproteins rendered 
oncogenic functions dependent on the relevant steroid. In 
other words, the HBD domain repressed the oncogenic 
activity of the protein to which it was fused and steroid 
hormone relieved this repression. We investigated whether 
a similar fusion between a site-specific recombinase and 
HBDs would render recombinase activity dependent on the 
relevant steroid. To this end, we constructed fusion proteins 
between the FLP recombinase of yeast and HBDs of either 
the glucocorticoid or estrogen receptors. To assay recom-
binase activity, we used mammalian cell-lines with stably 
integrated copies of the CMV enhancer driving expression 
of a transcript containing the neomycin resistance gene. 
The neomycin gene is surrounded by recombinase target 
sites so that FLP recombinase can excise it. After recom-
bination, the CMV enhancer now drives expression of the 
,a-galactosidase gene. Thus recombination can be easily 
scored as blue staining cells. We found that the FLP-HBD fu-
sion proteins were weakly active in the absence of hormone. 
When compared to native FLP, the FLP-HBDs were about 
200x less active in the absence of hormone. Recombination 
was stimulated 50-100 x by the relevant hormone. Thus we 
are able to regulate recombination with a steroid hormone 
and have an efficient inducible expression system suitable 

for use in mammalian cell-lines. By creating a series of 
stably transfected cell-lines, we have also determined that 
the integration site of the recombinase substrate has no 
pronounced effect on recombination frequency. In addition 
to creating an inducible expression system, our demonstra-
tion that the HBD can regulate an easily assayable enzyme 
activity, rather than the previously characterized oncogenic 
functions, will allow us to dissect the mechanism of cis 
repression and steroid relief by HBDs. Initial steps in this di-
rection indicate that only HBDs from homodimerizing steroid 
receptors function in this manner, heterodimerizing HBDs 
do not appear able to convey hormone relief of FLP-HBD 
protein fusions. 

Publications during the year 
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Physical Instrumentation Programme 

Introduction 

A number of physical techniques have evolved in recent 
years which will become important for EMBL but cannot 
be tackled by the current groups. The Physical Instrumen-
tation Programme believed that opportunities for new de-
velopments depended on hiring a new group leader and 
establishing a new laboratory. Several techniques were 
discussed and evaluated. The conclusion was that near-field 
scanning techniques fit best into the Programme and into 
the EMBL. They complement existing groups, make good 
use of existing facilities and provide a basis for excellent 
collaborations with many groups at EMBL. 

The issue was discussed with the Senior Scientists and the 
Scientific Advisory Committee and it was decided to asso-
ciate the group with the Cell Biology Programme. A group, 
headed by Heinrich Harber, will be established as part of the 
Physical Instrumentation Programme commencing 1993. 

In collaboration with the Biological Structures and Biocom-
puting Programme (Stephen Fuller and Werner KOhlbrandt) 
Max Haider organized an EMBO practical course on "Cryo-
Techniques in Electron Microscopy". The two STEMs and 
the low voltage SEM were used during this course. 

Besides the routinely carried out mass determinations the 
STEM application concentrated mainly on two projects: 
double labelling in collaboration with Kevin Leonard, and 
mass mapping of the light harvesting complex (LHC) in 
collaboration with Werner KOhlbrandt. 

The development of the LVSEM made an important step for-
ward with the incorporation of the corrector and the comple-
tion of the required very stable power supplies. Correction of 
the chromatic aberration could be attained, and the resolving 
power obtained is in agreement with the calculations. 

The most important developmental project, the correction 
of the spherical aberration of a high resolution 200 kV 
TEM (delivered in June), made substantial progress with 
the arrival of two new group members, supported by the 
Volkswagen Foundation, at the beginning of the year. 

The light microscopy group concentrated its efforts on three-
dimensional light microscopy and on video microscopy. 
Three-dimensional light microscopy is based on confocal 
fluorescence microscopy. The group builds the instruments 
and supports their usage by scientists from the EMBL and 
from other institutions. The video microscope is basically 
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a conventional microscope that uses cameras to record 
the movement of cells, organelles or reconstituted systems 
and image processors and video recorders to document 
time-dependent changes in morphology. 

Much effort was put into the development of completely new 
three-dimensional imaging techniques. The 4-II confocal 
fluorescence microscope illuminates an object from both 
sides coherently thus producing a standing wave and a 
smaller observation volume that increases axial resolution 
by at least a factor of two. Another development is two-
photon absorption which extends confocal fluorescence mi-
croscopy into the UV regime and offers a confined illumina-
tion volume. The two techniques can be combined offering 
an instrument that is several times better than anything 
currently available in light microscopy. 

The activities of the microcomputing and data acquisition 
group range from detection and analog front-end design 
to application software. Part of our efforts have always 
been put into the standardization of both hardware and 
software and the implementation of commercially available 
equipment wherever possible. This is, in our view, the best 
way to conduct projects in a cost effective manner and short 
development time. 

A large fraction of our resources has been spent reaching 
a stable version of the hardware and software configuration 
of the Cryo-STEM's acquisition system. Work in image pro-
cessing has progressed in two directions. Khoros, a public 
domain package has been installed. New methods for image 
filtering, noise suppression and feature detection have been 
developed and tested on various biological images. 

We started to design the future fast data acquisition system 
for time-resolved synchrotron radiation experiments to be 
carried out with linear wire-per-wire gas detectors and eval-
uated the analog front-end and digital components. We also 
designed and built a fast transputer interface for the new 
fast confocal microscope. Work on digital signal processors 
has gone on both on the hardware and the software side. 

Most of the projects carried out by the groups of the Physical 
Instrumentation Programme have made use of the excellent 
facilities provided by both the mechanical and the electron-
ics workshops. Such workshops play an important role in 
the context of instrumentation development and we would 
like to thank them for their precious help. 



STEM application and electron microscope development 

Group leader: M. Haider 

Scientists: W. Tichelaar, J. Zach 

Fellows: G. Braunshausen, P. Koeck, E. Schwan 

Visitors: K. v. d. Mast*, H. Rose*, K. Urban*, R. Wepf* 

Assistants: M. Akke, F. d'Annunzio*, J. Khazaie*, D. Mills, R. Morrison, P. Raynor*, G. Schaefer 

Application of the scanning transmission electron mi-
croscope (STEM) 

The development and application of the STEM continues 
to concentrate on those features that are unique to STEM. 
These are the combination of the capability to provide high 
resolution transmission EM information with the capability 
of multiple simultaneous imaging, the high efficiency and 
linearity in dark field, 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: 

(1) mass measurement and mass mapping; 
(2) structural and localization studies of thin aperiodic ob-

jects; 
(3) high resolution labelling using small heavy metal clus-

ters; 
(4) development and application of novel imaging modes; 
(5) elemental mapping. 

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

Mass measurement 

Together with D. Bamford, C. Luo, J. Hantula (Helsinki), S. 
Butcher and S.D. Fuller, we investigated the oligomeric state 
of the major coat protein P3 (protomeric mass 43.1 kDa) 
of bacteriophage PRD1. We measured a mass of 134±26 
kDa, confirming that P3 assumes a trimeric state. 

Mass mapping 

With mass mapping rather than determining the global mass 
of a particle one can determine the mass distribution within 
the molecule, which can be correlated with biochemical 
data. 

In collaboration with Werner KOhlbrandt we are studying 
the mass distribution of the light harvesting complex LHC. 
The goal of this project is to obtain a mass map with a 
resolution of about 10 A. The best maps published so far 
show details down to about 30 A. We obtained mass maps 
showing details smaller than 20 A. The resolution is limited 
by the order of the crystals or by their cleanliness which is 
especially critical in STEM dark-field. These two parameters 
could not yet be maximized at the same time. We are 
working on finding an optimum with respect to these two 
parameters. 

Novel imaging applied to immuno-Iabelling 
(with the group of K. Leonard) 

We would like to characterize more precisely the pattern 
of locations of troponin Hand T in insect flight muscle, 
using immuno-Iabelling with two small probes of the same 
size (3 nm), but of different atomic number. Therefore, 
we have been comparing the discrimination between col-
loidal silver and gold by Z-contrast and by elemental map-
ping. 
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PLATE 63 

A transverse thin section of insect flight muscle embedded in 
HM 20 and uranyl acetate stained; the muscle filaments are seen 
in the bottom part of each frame. The section has been specifically 
labelled with 9 nm colloidal Au, but colloidal Ag (S.S±1.7 nm) was 
added non-specifically. (a) A normal dark field image obtained by 
assigning a plus to all rings 6 to 32 (compare with Plate 62). In 
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(b), (c) and (d), the border between minus and plus rings has been 
moved outward stepwise. When compared with (a), the contrast for 
Ag has markedly decreased in (b), and has become negative in (c), 
while the contrast for Au is still positive. In (d), the contrast for Au 
has approx. become zero, while the negative contrast for Ag has 
increased. 



PLATE 62 

Fraction of the incident signal as a function of ring number of 
the concentric rings detector on the Cryo-STEM, calculated for 
5 nm colloidal gold and silver. The dash-dotted line represents the 
difference between the two metals, relative to their average signal 
(in percent). The electrons that are scattered outside the primary 
beam, are collected with rings 6 to 32. Using the signals from these 
rings, one can assign a minus to a series of the inner rings (i.e. 6 
to X), and a plus to the remaining rings, such that the contrast for 
one element is zero while the contrast for another is still positive, 
etc. 
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Z-contrast 

In the case of Z-contrast, we exploit the element-
dependence of the angular distribution of the elastically 
scattered electrons using the concentric ring detector on the 
Cryo-STEM (Plate 62; see also Research Report 1989). The 
advantages of this detector are its mUlti-image capability 
(up to 8 images) and the software-guided detection angles. 
Thus, we have been able to discriminate approx. 9 nm 
colloidal gold and silver on a thin section (Plate 63) with 
only one exposure of the object. 

Elemental mapping 

Here, the element-dependence of the shape of the plasmon 
peak is exploited using the electron-loss spectrometer and 
the charge coupled device (CCO)-based parallel data ac-
quisition system on the Cryo-STEM. This approach allows 
the discrimination of silver and gold probes even when they 
have different sizes, while Z-contrast allows discrimination 
only when they are of approx. the same size. 

Programs were developed within the image processing 
package Khoros to perform all the necessary processing of 
image data, including principal component analysis. It was 
shown that the same statistical methods can be applied to 
data recorded with the concentric ring detector unit as well 
as with the parallel recording system of the spectrometer. 

Development of electron microscopes 

Low voltage scanning electron microscope (L VSEM) 

Development of a corrected high resolution L VSEM 

To obtain a resolution in the order of 1 nm in LVSEM, the 
chromatic and spherical aberrations have to be compen-
sated. The corrector that was constructed for this purpose 
has been incorporated into our microscope and brought 
into operation. We could demonstrate that the chromatic 
aberration can be compensated (Plate 64). To improve 
the resolution significantly, the corrector has to be aligned 
very precisely. Since such a correction system has never 
been used in combination with a SEM, all the alignment 
and analysis procedures have to be developed. We are 
currently evaluating an excitation and adjustment strategy 
to attain sufficient correction as fast and as reproducible as 
possible. 

Conventional L VSEM 

If the corrector is switched off, our microscope can be 
used as a dedicated low voltage SEM for conventional as 
well as cryo-microscopy. In this state, a resolving power 
of better than 5 nm is attained, and images of uncoated 
frozen-hydrated or freeze-dried specimens can quickly be 
obtained (Plate 65). Our data acquisition system will have 
to be improved allowing for on-line acquisition of images 
that contain the same detail as seen on the monitor 
screen. 

PLATE 64 

Demonstration of chromatic correction. The nominal beam energy 
(left column) has been shifted by +50 eV (central column) and 
by -50 eV (right column). This results in a strong defocus in the 
normal round beam path (upper row) as well as in the uncorrected 
astigmatic beam path (second row). The defocus vanishes, if the 
correction is switched on (lower row). 
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PLATE 65 

Image of an uncoated freeze-fractured yeast cell, recorded during 
the EMBO course "Cryo Techniques in Electron Microscopy", show-
ing the capability of the LVSEM to record images without charging 
of the specimen. 

Scanning transmission electron microscope 

The efforts on STEM development have been reduced to 
emphasize the application and we only carried out minor 
developmental projects to improve the applicability of this 
instrument. Thus, the STEM development concentrated on 
the improvement of the data-acquisition system, the data 
processing and data handling. 

In collaboration with Thomas Bastian (Christian Boulin's 
group), work on the Cryo-STEM data acquisition software 
for the new graphical interface for the CCO detector was 
carried out. In addition, software was developed required 
for the background calculation and subtraction for elemental 
mapping. Theses routines are now running off-line and 
they will be installed for on-line image processing on the 
existing array processor board. To speed up the required 
calculations the number of file I/O-operations has to be 
minimized. Finally, some user-specific routines for image 
processing and image display as part of the EMBL toolbox 
were developed and implemented in the image processing 
package of Khoros. 

Corrected transmission electron microscope 

The aim of the corrected TEM-project is to develop a high 
resolution transmission electron microscope which is ca-
pable of resolving non-periodic objects smaller than 1 A. 
To achieve this resolving power the spherical aberration 
has to be corrected. For this purpose, a corrector sys-
tem has to be developed and incorporated in a mod-
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ern 200 kV transmission electron microscope. This project 
was started end 1991, and substantial progress could be 
made in 1992 due to the arrival of two new group mem-
bers. 

Only when the spherical aberration is the only limiting factor, 
a substantial improvement of the resolving power can be 
expected by correcting this type of aberration. Therefore, 
two prerequisites have to be fulfilled: 

the basic instrument including the required modifica-
tions has to be capable of showing the theoretical 
achievable resolving power, and 
the corrector should not introduce residual aberrations 
which cannot be corrected by this system itself. 

To fulfill these requirements the development of the cor-
rected TEM was carried out during last year in three sub-
projects. 

The performance of the basic instrument, a Philips 
CM20, given to us for two years in June this year, 
was first investigated and the original microscope could 
resolve atomic lattices of gold down to 1.4 A. Some 
parts of the microscope had to be modified (e.g. the 
lower objective pole piece area). These first modifica-
tions could be finished and preliminary tests showed 
the expected performance. 

For the fast analysis of the performance of the in-
strument, we installed an image-processing system 
including a very fast array processor board for on-line 
FFT (1.2 sec for a 1024 x 1 024 image). We started with 
the development of software for analytical purposes to 
check the state of the microscope which will be required 
when the corrector is incorporated. Software for non-
standardized microscope control will also have to be 
developed in-house, because of the unique character 
of the project. 

In addition to the modification of the objective lens of 
the TEM, we developed a corrector system (Plate 66). 
This corrector consists of two magnetic hexapole-
elements and two transfer lenses. This system is in-
corporated in a conventional Cambridge SEM for test 
purposes. With this test-bench, the performance of the 
corrector can be investigated precisely and the "tuning" 
of the two hexapole-elements could be completed. 
After the final tests, which are in progress, the corrector 
can be incorporated in the modified CM20 (Plate 67). 

The mechanical design was carried out in close collabora-
tion with Hans Wittmann (drawing office) and the mechanical 
parts were built, fulfilling the very small tolerances, at the 
mechanical workshop. 

All the new lenses and deflection coils for this corrected TEM 
need precise and stable power supplies. To still be able to 
control this electron microscope, computer control of all the 
power supplies is also required. Thus, a high number of 
computer driven, stable :::; 10 ppm or better) current 
supplies have been developed and built in collaboration with 
the electronic workshop. 



PLATE 66 

Photograph of the required magnetic multipole-element which is 
used to excite the multipole-fields needed for the correction of the 
spherical aberration. 
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PLATE 67 

Drawing showing the modification of the Philips CM20 TEM. At the 
left hand side the existing configuration is shown and at the right 
hand side the extension of the column, due to the incorporation of 
the corrector, can be seen. 
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Microcomputing and data acquisition 

Group leader: C. Boulin 

Scientists and engineers: T. Bastian, F. D'Annunzio*, A. Epstein, J. Khazaie*, J.-C. Olivo 

Visitors: J. Malmqvist*, C. Quinquis*, O. Remond* 

As a development and technology support group, our activ-
ities have been mostly concentrated on technical questions 
and improvements to previously developed instrumentation. 

An important part of our resources has gone into the tuning 
of the Cryo-STEM detection and data acquisition system 
to provide unique tools so that this instrument can be 
applied to biological problems. At the present stage, no 
further development of the system, apart from the current 
system software maintenance, will be done and we hope 
that the usefulness of the STEM will be demonstrated by the 
Electron Microscopy Development Group in collaboration 
with the biologists. 

As announced in last year's report, we will, in the fu-
ture, provide modern and state-of-the-art data acquisition 
components for time-resolved experiments conducted with 
synchrotron radiation (SR). Unfortunately, recruitment of 
personnel has delayed the real start of that work. We believe 
that this work is essential if one wants to be able to cope 
with present and future SR sources such as the ESRF in 
Grenoble. 

Our effort in image processing has been continued with 
very clear biological applications in mind. Two directions 
have been followed concurrently to cope with the different 
approaches that are needed depending on the subjects. The 
public domain Khoros package (J. Rassure et al., University 
of New Mexico) has been installed as a means to give 
well-established image processing solutions to biological 
imaging problems. At the same time, new methods in fea-
ture detection and image filtering have been developed to 
provide original and reliable solutions to some problems that 
are not tractable by more conventional methods. 

Work on high speed multiprocessing devices with parallel 
and pipelined architectures has been continued. A new 
project for the fast search of motifs in protein sequences 
has been identified. The availability of a new integrated 
circuit carrying out character comparison at a speed of up to 
10 Giga-comparisons per second should provide extremely 
powerful hardware to scan through databases. 

Data acquisition for synchrotron radiation 

A module, in the NIM standard, has been designed and 
built to ease the tests and maintenance of data acquisi-
tion electronics such as constant fraction discriminators, 
time-to-amplitude converters, time-to-digital converters and 
the associated histogramming memories generally used in 
the context of delay-line-based gas detectors. This simple 
module allows the simulation of most basic timing features 
of the presently available gas detectors used to carry out 
time-resolved measurements on the synchrotron radiation 
sources. 

It generates a pseudo-random sequence of pulses up to 
a maximum counting rate of around 2 M-events per sec-
ond. The random sequence simulates the ideal case of 
a detector under constant and uniform illumination, with 
calibrated linearity and non position-dependent count rate 
efficiency. This ideal case is perfect for calibration and data 
acquisition measurement purposes. A step by step mode 
and a burst mode will facilitate the maintenance and repair 
by tracking down nested hardware problems in the data 
acquisition system. The digital core of this simulator makes 
everything perfectly reproducible and will open the way to 
fully automatic calibration procedures. 

The collaboration with the Grenoble Outstation detector 
group has been intensified to define the design of a new 
fast linear wire-per-wire detector. Several alternatives for 
the front-end preamplifier and discriminator electronics have 
been investigated and bench tests are in progress. The 
data acquisition part of this fast detection system has been 
evaluated and the specifications and the technical solutions 
to reach those specifications are now clear. Design work will 
start very soon and we hope to have a fully functional system 
by the middle of the coming year. We also reengineered 
a previously developed XV display module for real-time 
monitoring of two-dimensional detectors using the delay-line 
readout method. 
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PLATE 68 

Part of the user interface developed under X-Windows for the Cryo-
STEM data acquisition system. This screen is used to configure the 
quadrant as a "multiple ring detector" 
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Software support activities 

Instrumentation UNIX cluster 

The ever increasing number of UNIX-based workstations in 
EMBL has led to an unmanageable heterogeneous UNIX 
cluster. User support and request matching became more 
and more difficult. Instead, we decided to create, in agree-
ment with the Computer Group, an independent UNIX area 
including all UNIX-based workstations of the Biochemical 
Instrumentation and Physical Instrumentation Programmes. 
The cluster is presently composed of 2 SparcStation IPC, 
2 SparcStation 2/GX, 1 SparcStation IPX, 1 SUN 4/330, 
1 TADPOLE. Two new SUN SparcStation 10/41 will join the 
cluster early in 1993. There are about 35 currently registered 
accounts. Cluster-wide services include: worldwide mailing 
system, independent LaserWriter printer access and Macin-
tosh file-server capabilities. 

Slidewriter queue 

In 1991 we developed, in collaboration with the photolab-
oratory an automated way of making slides out of STEM 
or TIFF images using the EMBL Slidewriter facility. This 
year, the software has been updated to include other file 
formats as well. As the user community has grown (the 
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software is now officially used at EMBL), we had to improve 
the user-friendliness of the front-end commands. The new 
front-end is much simpler to use as it is now menu-based. 
At the same time, the software was made portable among 
the various architectures available at EMBL. As a result 
the front-end was set up on the large VMS cluster, the 
molecular dynamics cluster and the instrumentation cluster. 
The software can be set up on other clusters on request. 

Cryo-STEM computing environment 

The new Cryo-STEM computing environment was installed 
in January 1992. The old on-line computing equipment 
(Tadpole) has been recycled as a test system. The data ac-
quisition software architecture has stabilized since autumn 
this year although improvements are still made sporadically 
and mainly concern the user interface or enhancement or 
extension of features available in the software. We expect 
to install a "long-term version" by the beginning of 1993. 
New capabilities have been added to the software in the 
last six months: on-line FFT, flexible display system and 
communication with an extensive and easy to use image 
processing system (Khoros). Current developments focus 
on the integration of on-line elemental mapping. Part of the 
user interface is presented in Plate 68 for the use of the 
silicon quadrant detector as a multiple ring detector. 



PLATE 69 

Part of the Khoros graphical program used for gold/silver labelling 
discrimination in STEM images. The menu "EMBL Toolbox" contains 
in-house developed software that has been integrated in the Khoros 
environment. 
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Khoros 

Since the middle of this year, we have undertaken the 
support of a very large and powerful image processing pack-
age: Khoros. This package features about 250 ready-to-use 
image processing building blocks, a visual programming 
language, and support for user developed tools. The soft-
ware has been widely accepted by the scientific community 
in the instrumentation cluster, mainly because of its ease 
of use and flexibility. The Khoros system is based on the 
idea of toolboxes (i.e. there are toolboxes for display, for 
numerical analysis, etc.). The toolbox concept provides an 
easy integration frame for in-house software add-ons. In 
our case there was a need for specialized algorithms. This 
led us to the development of two dedicated toolboxes: one 
containing general interest tools and another containing 
more specific STEM pre-processing and image format con-
version routines. Also, for the ultrasensitive low light level 
microscopy (Ansorge's group), we integrated the camera 
control and set-up software as well as the data collection 
procedures into one toolbox. One example of the graphical 
programming in Khoros is given in Plate 69. 

Contribution to the fast confocal microscope 

We have designed and built a dual data buffer and formatter 
unit to realize the interface between the front-end electronics 
(photon counters or analog-to-digital converters) and the 
acquisition transputers taking care of the line reading and 
transfer to the preprocessing multi-transputer system. The 
main characteristics of the developed unit are (a) fast data 
input at up to 30 MHz, (b) programmable pixel format of 4 
or 8 bit depending on the data source, (c) automatic pixel 
address reorganization according to the scanning direction 
and (d) dual paged memories directly mapped in the trans-
puter address space, also accessible by the transputer in 
read and write mode for computer controlled tests of the 
integrity of the interface. The unit was built as a mUlti-level 
piggy-back module to insure compactness as can be seen 
on Plate 70. Four such units will be required for the future 
fast confocal microscope data acquisition system: bench 
tests have been carried out on the transputer side and 
we are now waiting for the completion of the digital scan 
generator to check the performances of the microscope 
side. 
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Multiprocessor architectures 

As mentioned in last year's report, we had studied in 
detail the use of digital signal processor (DSP) compo-
nents to carry out, at very high speed, protein sequence 
comparisons using computation intensive algorithms based 
on correlation matrices. This year, we have nearly com-
pleted the design and the printed circuit board of the ba-
sic building block that can be the standard unit to build 
parallel and pipelined processing systems. Each basic 
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building block includes a DSP providing a peak perfor-
mance of 60 MFlops. A powerful architecture including 9 
such processors has been evaluated from the software 
point of view using the tools provided by the DSP 96002 
development system (C optimizing compiler, assembler, 
simulator and debugger). According to the simulation re-
sults such a DSP-based parallel and pipelined system 
should provide a significant increase in speed compared 
to the currently available solutions (Gerhard Vogt & Pat 
Argos). 

PLATE 70 

The transputer-based dual data buffer and format-
ter unit. The top part shows the assembled com-
ponents while the bottom part shows the 3 layers: 
(a) the transputer board (Parsytec), (b) the control 
logic and formatter part and (c) the two memory 
units. 



Image processing 

Our interest in developing specific software for biological 
applications has been justified by the results achieved 
within our collaborations with biological groups. By using 
a registration program combined to a pseudocolour multi-
section image display scheme, it has been possible, in 
collaboration with Roberto Di Lauro's group, to document 
and help assess the regional overlapping expression of 
Nkx-2.2, TTF-1 and Dlx genes in the embryonic mouse 
forebrain. Similarly, a nanometre-metal particle analysis pro-
gram is available for automatically extracting and counting 
marker particles used in immuno-microscopy. In biologi-
cal imaging, most of the images are acquired in difficult 
conditions either because the specific signal is low or 
because the imaging instrument is operated at its limits 
(these reasons not being mutually exclusive). This gen-
erally results in images with a very low signal-to-noise 
ratio that makes it difficult to interpret the data and in-
deed post-processing is needed to enhance the images 
or to filter the noise out. A selective image smoothing 
method has therefore been developed for removing ad-
ditive impulse noise from images. It uses an orthogo-
nal multi resolution transform to detect noise singularities. 
A denoised image is obtained by local suppression of 
those pixels whose transform obeys both an attenuation 
and a geometrical criteria (C. Quinquis, 1992). This algo-
rithm is actually under test with electron microscopy im-
ages. 

Publications during the year. 
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Three-dimensional light microscopy 

Group leader: E.H.K. Stelzer 

Scientists: S. Hell, C. Storz 

Visitors: T. Hagin*, S. Lindek, P.Liukko*, G. Reiner*, L. Seraphin* 

Assistants: S. Albrecht*, P. Hanninen*, R. Pick, N. Salmon*, R. Stricker 

The light microscopy group has four major tasks: (1) build-
ing new instruments for three-dimensional light microscopy, 
(2) initiating and supporting the use of these instruments 
in biological research, (3) supporting scientists in the ap-
plication of three-dimensional image processing and visu-
alization and (4) investigating new methods for two- and 
three-dimensional light microscopy. The group therefore 
designs, builds and maintains confocal fluorescence and 
reflection microscopes for biological research, collaborates 
with scientists using three-dimensional light microscopy and 
two-dimensional video light microscopy, supports process-
ing acquired data sets and actively investigates new meth-
ods for three-dimensional imaging in optical systems with a 
high numerical aperture. 

Compact confocal microscope (CCM) 

A new generation of confocal microscopes, the compact 
confocal microscope (CCM) was designed and built dur-
ing 1991 based on experience with previous designs. The 
major performance characteristics are equivalent to those 
of the modular confocal microscope (MCM). However, the 
CCMs are more stable, more versatile and use redesigned 
electronic equipment. The CCM offers eight laser lines: 
476 nm, 488 nm, 514 nm, 529 nm, 543 nm, 594 nm, 
612 nm and 633 nm via one large watercooled Argonion 
laser and four smaller Helium-Neon lasers. Practically all 
fluorophores currently available in the visible region can 
now be used efficiently on the CCM. Six photomultipliers 
can be attached to the instrument, of which any two can be 
read in parallel. Four are reserved for confocal fluorescence 
microscopy, one for confocal reflection microscopy and one 
for non-confocal transmission contrasts. Up to 41 filters can 
be used to optimally excite and detect the fluorophores. 
The microscope is completely computer controlled and a 
mouse-based user interface allows a number of tasks to 
be performed by the simple selection of one menu item. 
Experienced users can exploit the flexibility of the machine 
by creating their own programs and controlling each system 
component. The recording speed is 900 lines/second. This 
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means that two images can be recorded per second on 
two detection channels simultaneously. A video camera, an 
intensifier and a Hamamatsu Argus 10 image processor 
are also available. Three instruments of this type were 
completed during 1991. One instrument was shipped to 
the University of Turku in Finland, one was shipped to 
the Weizmann Institute in Rehovot and the third instrument 
is now the standard confocal fluorescence microscope at 
EMBL and owned by its Cell Biology Programme. The 
instrument in Rehovot was installed during early spring and 
the instrument in Heidelberg during late spring. The CCM 
project is regarded as finished. We do not intend to upgrade 
the instrument any further and will restrict our activities to 
maintenance and the support of researchers. 

Very fast confocal fluorescence microscope 

The work on the very fast confocal fluorescence microscope 
which began in 1990 was delayed because of the manufac-
ture of the three CCMs which was newly started in early 
spring. The very fast microscope will generate about 8,000 
lines per second and should thus be able to produce up 
to 30 images per second on two channels simultaneously. 
The planning and design phase finished in June and was 
followed by the construction of electronic and mechanical 
components. Many electronic parts, especially those that 
move filters into different positions are of the same design as 
in the CCM, but the fast parts were completely redesigned. 
At such high sampling rates the number of photons per 
picture element will be small and several techniques must 
be used to maximize the system's signal-to-noise ratio. 
This requires the implementation of photon counting (rather 
than the system of integration), elimination of intersample 
deadtime, maximization of collection efficiency, reduction 
of dark noise and the use of the best available optical 
and mechanical parts. All the mechanical parts have been 
finished this year and were used in the two-photon confocal 
fluorescence microscope (see below) and already half of the 
electronic components could be built and tested. We expect 
a complete instrument by summer 1993. 



Three-dimensional image processing 

The visualization of three-dimensional data sets plays an 
important role in confocal fluorescence microscopy. Calcu-
lating stereo pairs and shift series have always been fea-
tures of the EMBL microscopes and are sufficient to confirm 
the quality of the recording. More sophisticated calculations 
are performed with the program AVS on DECstations and 
on the Stardent GS2000. Simple image processing can 
also be performed with Khoros on any workstation running 
X-Windows. NIH-Image and Adobe Photoshop are the pro-
grams of choice on the Macintoshes. The group provides 
the interfaces to these computers and programs and offers 
advice on their usage. We have refrained from writing any 
three-dimensional image processing packages ourselves 
but offer some necessary modules for AVS. AVS networks 
are available that allow non-specialists to manipulate three-
dimensional data sets and to record full colour animations 
on the video disk and hence to produce high quality videos 
for seminars. 

Video microscope 

A complete instrument was set up for conventional video 
microscopy. It is used for observation in fluorescence, 
Nomarski-DIC and phase contrast modes. The instrument 
consists of an inverted microscope, shutters in front of the 
lamps, two cameras, an image processor, a video disk 
recorder, a tape recorder, a black and white printer, a colour 
printer, several monitors and a computer that organizes 
the whole set-up. The instrument is designed to perform 
time-lapse studies with minimal impact on the object. It has 
been used by a number of scientists in the Cell Biology 
Programme: Denis Chretien, Carlos Dotti, Eric Karsenti, 
Robert Parton, Kai Simons & Fulvia Verde. The software 
that drives the instrument was upgraded and now includes a 
simple editor to create videos. An important part of the video 
microscope is a Macintosh IIci which has been equipped 
to perform some simple image processing tasks such as 
enhancing images, measuring features or arranging slides. 
It is equipped with a number of image processing pack-
ages, a frame grabber, a high resolution display card, an 
Ethernet interface, a magneto-optical disk for backups, a 
slide writer and is connected to a video disk player and a 
VHS PAUNTSC/SECAM player/recorder. Image processing 
can be performed off-line and images can be used from 
practically any source. This computer can also be used with 
images recorded with the CCM. 

Biological research 

The following scientists from the EMBL used the CCM for 
their research: Mike Antonion, Vilma Arce, Cecilia Bucci, 
Patricia Buck, Maria Carmo-Fonseca, Philippe Chavrier, Jan 
De Mey, Paul Dupree, Stephen Fuller, Gareth Griffiths, 
Bernhard Hoflack, Lukas Huber, Ari Huovila, Eric Karsenti, 
Thomas Kreis, Angus Lamond, Anne-Rose Luetcke, Fabi-
enne Mauxion, Stephane Meresse, Andreas Merdes, Vesa 
Olkkonen, Sigrid Reinsch, Janet Rickard, Kai Simons, Har-
ald Stenmark, Brian Storrie, Oliver Ullrich, Sylvie Urbe, Irene 

Wacker-Schroder, Karsten WeiB, & Marino Zerial. A detailed 
description of their applications can be found elsewhere in 
the research report. A number of guests from Ladenburg 
(Federal Republic of Germany), Lisbon (Portugal) and other 
places used the CCM to evaluate the usefulness of con-
focal fluorescence microscopy for their applications. Axel 
Bischoff, Christoph Cremer, Thomas Cremer & Bernd Rinke 
(Universitat Heidelberg) used the instrument to investigate 
embedding media-dependent three-dimensional resolution 
and the three-dimensional distribution of active genes. 

Confocal 471" microscopy 

A new optical set-up offers the potential to increase the 
resolution of a confocal fluorescence microscope by a fac-
tor of 2-3. Two microscope objectives of high numerical 
aperture are used one on each side of the sample. The 
semitransparent specimen is located in their common focal 
plane. Illumination and detection are performed through both 
microscope objectives. When the illuminating light interferes 
in the focal volume, the illuminated volume is reduced by a 
factor of 2. The same happens when the light originating 
from the specimen interferes in the detector. By combining 
interference in the illumination and in the detection path the 
detection volume is decreased to about a 40% of that in a 
normal confocal fluorescence microscope. These enhance-
ments of the axial resolution do not affect the lateral reso-
lution, but in thick specimens an improved axial resolution 
will automatically lead to an improved observation of lateral 
changes. The technique has been shown to work and we 
intend to continue the research since we expect it be the 
technique for high resolution light microscopic studies of 
fluorescently labelled samples. 

Specimen induced imaging problems 

The effect of refractive index mismatches on the image ac-
quisition process in confocal fluorescence light microscopy, 
as encountered in the observation of thick biological spec-
imens, was investigated theoretically. The analysis takes 
the vectorial properties of light into account and is valid 
for high numerical apertures. Quantitative predictions on the 
decrease of resolution, intensity drop and shift of focus are 
now available for practical situations. When observing with 
a numerical aperture of 1.3 (oil immersion) and an excitation 
wavelength of 514 nm the centre of the focus shifts 1.7 fLm 
per 10 fLm of axial displacement in an aqueous medium, 
thus yielding an image that is scaled by a factor 1.2 in axial 
direction. Further, it can be expected that for a fluorescent 
plane 20 fLm deep inside an aqueous medium the peak 
intensity is 40% less than for a plane which is 10 fLm deep. 
In addition, the axial resolution is decreased by a factor of 
1.4. All these numbers have been verified experimentally. 

Two-photon confocal fluorescence microscopy 

Another development is the use of two low energy photons 
instead of one high energy photon to excite fluorophores. 
In an instrument that uses this effect a very intense beam 
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of light is focused into a sample to increase the likelihood 
that a fluorophore absorbs two photons within a short pe-
riod of time. E.g. 730 nm light is used to excite a fluo-
rophore with a maximum absorption around 365 nm. The 
emission will be detected around 450 nm. Such excitation 
processes occur with a probability that is proportional to the 
squared intensity. A two-photon fluorescence microscope 
therefore has a characteristic that is equivalent to that of a 
confocal fluorescence microscope, but with the advantage 
that excitation occurs only in the focal volume since it is 
only here that the intensity is sufficiently high. This is in 
contrast to a "normal" confocal fluorescence microscope 
which excites the fluorophores throughout the whole sam-
ple. This means that photo damage in a two-photon confocal 
fluorescence microscope occurs only in the vicinity of the 
geometrical focal plane, while in a "normal" confocal fluo-
rescence microscope photo damage is caused throughout 
the whole sample. A number of advantages can be pre-
dicted: 

(1) Only the volume close (±0.5 p,m) to the geometrical 
focus is subject to photo damage. Therefore the light 
intensity can be 10-30 times higher or an object can 
be observed 10-30 times more often. This is very 
important for living specimens. 

(2) One can work with UV sensitive dyes. They are usually 
very efficient and photomultipliers have a four times 
higher quantum efficiency (20%) than in the red region. 

(3) Biological objects are less sensitive to red than to UV 
light. 

(4) Red light is less affected by scattering than blue light. 
It will therefore penetrate many samples much deeper. 

(5) Two-photon excitation can be added to the very fast 
confocal fluorescence microscope without altering its 
design thus further improving the performance of this 
new machine. 

(6) With short excitation pulses and fast decay times dis-
tinctions between dyes can be made with methods 
other than filtering. 

To implement such an instrument we acquired a Titanium 
Sapphire laser and connected it to both the fast confocal 
fluorescence microscope and 41f microscope. Plates 71 and 
72 show the resolution of a confocal two-photon micro-
scope and a non-confocal two-photon microscope and the 
restricted bleaching volume. See the plate legends for more 
information concerning the performance of the instrument. 
Two-photon confocal fluorescence microscopy has fulfilled 
all our expectations. We expect it to playa very important 
role in the future of three-dimensional light microscopy not 
only at EMBL but worldwide. 
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PLATE 71 

Confocal and the non-confocal resolution in a two-photon micro-
scope. The two graphs present axial sea responses for an illumi-
nation with 738 nm, an emission around 350 nm for an observation 
with an NA 1.4 lens. (A) The transition from 25%-75% of the max-
imal intensity in the confocal case is 360 nm. This performance is 
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equivalent to that of a confocal fluorescence microscope operating 
at the UV wavelength of 365 nm. (8) The same transition in the 
non-confocal case is 610 nm. Although this value is lower it is 
remarkable because it shows that depth discrimination is achievable 
solely through the illumination. 
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PLATE 72 

Holes in fluorescent latex beads 

(A) In single photon fluorescence the excitation light pene-
trates the sample completely and photo damage is caused 
throughout the whole bead. The upper two images show 
x/y-slices through a bead and the lower two images show 
x/z-slices through the same bead before and after bleaching 
a hole. The bead diameter is 5 jlm. 

(8) In two-photon fluorescence the excitation light and hence 
the bleached volume is restricted and bleaching can be 
confined to a diffraction limited volume. Three holes were 
burned into the bead at three different focal levels. The first 
two images show an x/y-slice through a bead before and 
after bleaching. The third image shows the three holes in an 
x/z-image. The bead diameter is 3 jlm. 

Other references 

These publications made use of either the CCM or the video 
microscope developed by the light microl)copy group. 
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Biochemical Instrumentation Programme 

Introduction 

The groups in the Programme work on development and 
optimization of new methods for sequence analysis and 
synthesis of DNA and proteins, and on the innovative design 
of biochemical instruments in this field, including mass spec-
trometry. In addition to the technology research, services 
for the scientists at EMBL are provided. These include 
DNA and peptide synthesis, DNA and protein sequenc-
ing, molecular weigth determination by mass spectrometry, 
gel and film scanning, automated microinjection in cells 
and sorting with FACS. The groups are in close contact 
with other Programmes, as well as with the mechanical 
and electronic workshops and the construction office at 
EMBL. 
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A new group leader, Mathias Mann, was appointed for the 
Protein Group. Starting in May 1992, he has initiated work 
on development of mass spectrometry, together with laser 
desorption and ion trap techniques. The aim is to develop 
these techniques for faster protein and DNA characteriza-
tion, in particular protein sequencing. Analysis of protein mo-
difications and determination of molecular weight by mass 
spectrometry on two systems was introduced in the middle 
of 1992. The service will be fully operational during 1993. 

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. 



Development of microanalytical techniques 

Group leader: W. Ansorge 

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

Fellows: T. Dietrich*, D. Grothues, S. Herr, C. Sensen, S. Wiemann* 

Visitors: J. Celis*, B. Dujon, B. Dworniczak*, X. Estivil*, M.P. Gaub*, W. Just*, T. Kristensen*, G. Neuhaus, W. Pyerin*, 
H. Schackert, A. Smith*, I. Todorov, M. Uhlen*, U. Wirkner* 

Assistant: N. Hewitt 

Automated DNA sequencing station 
with fluorescent labels 

Work was started on the development of an on-line auto-
mated DNA sequencing technology with a throughput of 
50-100 kilobases of sequence per device per day, which 
will represent about a ten-fold improvement over the current 
techniques. This system is being developed with a grant 
from the European Communities. Together with the groups 
of J. Celis (Aarhus) and X. Estivil (Barcelona) it will be 
tested in the sequencing of human cDNAs and analysis of 
microsatellite regions. 

Efforts are concentrated on increasing the output of the 
gel-based sequencing systems by increaSing the number 
of the clones run on one gel. This is achieved through 
design of new detectors allowing miniaturization of the 
sample tracks, and running simultaneously clones labelled 
with two or more dyes. Another factor is the obtainable 
reading length, increasing with the separation distance on 
longer gels and by the new internal labelling technique using 
fluorescent dNTPs. Over 1000 bases were resolved with 
fluorescent dATP on 50 cm long gels. On the standard 
commercial version (20 cm gels) of the EMBL automated 
sequencing system, A.L.F. (Pharmacia), the reading length 
was extended up to 750 bases. The error rate, an important 
parameter for efficient sequencing with low (2-3 times) 
redundancy, is well below 1 % even with long readings, 
and the first 75-80% of the readings contain usually only 
about one ambiguity. Tests with the EMBL ultrathin gel 
technology continue with emphasis on their reloading, high 
speed and search of novel gel matrices. A new detector was 
constructed, doubling capacity to 22 clones, allowing us to 
design a sequencer with 44 clones using two dyes. 

Strategies for direct sequencing - without subcloning - of 
large vectors, e.g. cosmids, are being developed. Using 
the walking primer approach, part of a cosmid in the 
S.cerevisiae project was sequenced recently with average 
readings of 445 bases and 2.7 times overall redundancy, 
demonstrating its high efficiency and cost saving in compar-
ison with the random approaches requiring usually redun-
dancy of 8-12. 

Future developments (adding more than two dyes, higher 
speed) should make a further increase in the sequence 
output by another factor of 10 possible. Higher data input 
requires a well adapted computer system and good user 
software, e.g. for automated selection of the next needed 
walking primer. 

New procedure for automated DNA sequencing 
with internal labelling by fluorescent dATP 

A new sequencing protocol was developed using fluores-
cein-15-dATP as internal label. It is more stable during stor-
age and in sequencing reactions than the fluorescein-12-
dUTP technique established previously. This novel internal 
labelling technique helped to increase the readings on the 
A.L.F. sequencer, to 750 bases and above 1000 bases on 
a modified system with longer gels. The protocol works well 
with all standard primers and with more than 90% efficiency 
using custom designed primers, both on double-stranded 
and single-stranded DNA templates. The importance of the 
direct sequencing strategy with walking primers increased 
significantly with the internal labelling technique using la-
belled dNTPs. It avoids the need for labelling the primers, 
simplifies the work and the software for sequence assembly 
and significantly lowers the cost for the labelling in the 
reactions. 
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Systems resolving over 1000 bases 

Longer base readings improve significantly the efficiency in 
sequencing projects. The internal labelling with fluorescent 
dNTPs in combination with the technique of ultrathin and 
long gels, as developed previously at EMBL, could become 
a good DNA sequencing strategy. More than 1000 bases of 
sequence were resolved in a single sequencing run at 50 cm 
separation distance on a 5% hydrolink gel, with a walking 
primer on plasmid miniprep DNA This was the first time that 
resolution of 1000 bases was achieved. For comparison, 
resolution obtained on identical samples but with labelled 
primers, run in parallel on the same gel, was somewhat 
lower at 800-850 bases. Sequencing was performed on 
an A.L.F. sequencer, its upper lid had been removed to 
accommodate the 60 cm long glass plates. 

Multiple DNA synthesizer, primers for sequencing 

The function and reliability of the multiple segmental DNA 
synthesizer, developed at EMBL by the groups of Brian 
Sproat and Wilhelm Ansorge, were tested in production of 
walking primers for the S.cerevisiae sequencing project, 
and for the sequencing service. Protocols for reliable se-
lection and synthesis of oligonucleotide primers are the 
bases for development of fast automated strategy, for small 
as well as large sequencing projects. Software packages 
were adapted to this aim, achieving about 95% efficiency 
with custom designed primers. The device for simultaneous 
synthesis of 1 0 oligonucleotides, with about an order of mag-
nitude smaller consumption of chemicals, will be produced 
commercially by Bertin, Paris. 

Automated simultaneous sequencing with two dyes 

The present AL.F. sequencers use fluorescein as a sin-
gle label, loaded in four lanes. A sequencer with double 
throughput was built during the year, running two clones 
simultaneously (each labelled with one dye) in the same 
lanes on the gel and detecting at two different wavelengths. 
The two reaction products are loaded together, and excited 
and detected at two different positions in the gel, resulting 
in a high discrimination between the two dyes. At present 
fluoresceine and rhodamine labels are used. Both internally 
labelled and primer end-labelled reactions, as well as a 
mixture of both may be run on the device. Its particular 
advantage is the possibility to sequence both strands of 
the DNA simultaneously, each with one dye. This principle 
may be expanded to three or even more dyes, increasing 
further the on-line throughput and approaching the potential 
capacity of the multiplex off-line method. 

Polymerase chain reaction (peR) and solid 
phase supports in DNA sequencing 

A sequencing protocol was developed for automated DNA 
sequencing of PCR products purified on magnetic beads, 
using fluorescein-15-dATP as internal label. Owing to the 
high quality of the produced DNA templates, this method 
results in the best raw data and long readings, between 
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700-800 bases on the AL.F. sequencer, at EMBL and 
in other laboratories. Both the immobilized and the eluted 
strands are sequenced bidirectionally, e.g. on the two-
dye sequencer described above. Non-specific binding of 
the fluorescent dATP to the bead surface, which could 
lower the sequencing efficiency, was not observed. The 
fluorescein-dATP instead of fluorescein-dUTP results in re-
duced background, longer labelling length and improved 
resolution. 

Cycle sequencing protocol with linear amplification of DNA, 
using the fluorescein-12-dCTP, was developed and applied 
to direct sequencing of M13 (50 ng), plasmid (0.5 fL9) and 
cosmid DNA (1-5 fL9). The labelled dCTP gives in the 
cycling protocol better resolution than both dUTP and dATP. 

DNA sequencing projects 

Besides providing a sequencing service to EMBL scientists, 
we are involved in projects and collaboration with several 
groups in sequencing of genes or cDNAs of high inter-
est. The group participates in the sequencing of the yeast 
S.cerevisiae chromosomes XI, a genome project organized 
and funded by the European Communities. New sequencing 
technologies and strategies are tested in this project. Two 
cosmids were sequenced, one with walking primer strategy 
which resulted in excellent efficiency (redundancy 2.8) and 
average reading of 445 bases. 

At a meeting organized in June 1992 at EMBL, groups from 
several laboratories discussed the possibility of organizing 
a project and obtaining funds for analysis of the S.pombe 
yeast genome. In collaboration with W. Pyerin, Heidelberg, 
the structure of. the gene encoding human casein kinase 
" (subunit alpha) was studied. A genomic clone containing 
18.8 kilobases of the gene was isolated and characterized. 
The insert was sequenced and identified as the central 
part of the gene. In collaboration with B. Perbal, Paris, 
we sequenced 8 cDNA clones of a potential RNA binding 
splicing factor, encoded by the opposite strand of the trans-
spliced c-myb exon. In collaboration with the groups of 
J. Celis (Aarhus) and X. Estivil (Barcelona), and with support 
from the European Communities, we are applying the EMBL 
technology to sequencing human cDNAs and analysis of 
microsatellite regions. 

DNA sequencing service 

Over 70 staff members were regular users of the service. 
Sequencing of single-stranded, plasmid, cosmid and ).-
DNA is carried out on the EMBL automated fluorescent 
system and its commercial version A.L.F. (Pharmacia). The 
sequence information is transferred via electronic mail to the 
user's file on the VAX computer. The service provides vector 
DNA, host strains and advice in cloning and sequencing 
strategies. If requested we prepare the DNA. Together with 
the group of Brian Sproat we provide service for custom 
design and synthesis of walking primers. Over 2000 clones 
were processed, with average reading of 370 bases, and 
up to 650 bases. The introduction of the fluorescent dATP 
technique in the service resulted in significant improvement 



in reproducibility and in reading length. In addition, this 
technique allowed us to offer sequencing of samples using 
unlabelled walking primers. In the future we hope to offer 
sequencing of cosmids and preparation of nested deletions 
on a service basis. 

Gel and film scanning facility 

Molecular dynamics phosphor imager and the ultroscan 
laser densitometer (Pharmacia LKB) are used in the service 
for scanning autoradiograms and Coomassie and silver-
stained gels. Maintenance, development and user advice 
are provided. During the year programs were written for fast 
rotation of gel image files, condensation of image files for 
storage size reduction, conversion of image files to other file 
formats. 

Microinjection and electro-transfection of cells 

An automated microinjection service is offered to the groups 
at EMBL on the commercial version (Zeiss) of the device 
developed in the Programme. Extensive users of the system 
were e.g. the groups of Giulio Draetta (characterization of 
cell cycle-related proteins), Thomas Kreis (injection of anti-
bodies and fluorescently labelled proteins), Angus Lamond 
(characterization of snRNP-rich organelles in cell nuclei), 
Lennart Philipson (studies on promoter control of the gas-1 
gene, function and interaction of helix-loop-helix proteins 
during cell proliferation). With the group of Giulio Draetta mi-
croinjection experiments were performed to investigate the 
function of cyclins and cdc2-related protein kinases during 
the cell cycle. External collaborative projets were carried 
out with W. Just (Heidelberg) on electro-transfection and 
microinjection of DNA, microinjection of organelles, W. Py-
erin (Heidelberg) on microinjection and electro-transfection 
of antisense oligonucleotides and antibodies against casein 
kinase II. In collaboration with I. Todorov (visitor from Bul-
garia) cell cycle studies were carried out with antibodies 
against a newly cloned human nuclear protein. 

Ultrasensitive low light level 
microscopy and micro-imaging 

The method, allowing fast and accurate automated quanti-
tation of weakly labelled fluorescent specimens, was used 
extensively and developed further. Low light level imaging 
technology and computer control of the moving parts of the 
system allow full automation. More than 500 cells can be 
automatically analysed in less than 10 minutes. Variations in 
protein concentrations higher than 10% are reliably detected 
in single living or fixed cells. The method has been applied 
to evaluation of results in automated microinjection exper-
iments. Users were e.g. groups of Giulio Draetta, Thomas 
Kreis, Angus Lamond, lain Mattaj and Lennart Philipson. It 
was applied to the quantitation of serum stimulated c-fos 
expression after microinjection of anti-casein kinase II anti-
bodies, and to the study of dynamics of the cytoplasmic to 
nuclear transport of casein kinase II protein in response to 
growth factors. 

In collaboration with the group of Christian Boulin a new 
highly sensitive system was developed, using a cooled 
slow scan coupled charge device (CCD) camera and the 
Khoros image processing software environment. The sys-
tem is controlled from a Sun workstation. The advantages of 
Khoros are the reduced time for building the user interface 
and the access to an extensive set of routines for image 
processing and visualization, without extensive program-
ming. At present the system allows detection of less than 
100 photons in living or fixed cells and will be adapted to 
the method of fluorescence quantitation by ratio imaging as 
described above. Users of the prototype system induced 
groups of Thomas Graf, Thomas Kreis and Angus Lamond. 

Separation of biological particles 

A FACScan benchtop flow cytometer was purchased to add 
to the existing flow cytometry facility. This has led to a 
dramatic increase in the workload in flow cytometry, with the 
FACScan being used in over 300 sets of experiments during 
1992. Major collaborations were carried out with groups from 
the Differentiation and Cell Biology Programmes. Use of the 
FACScan was part of courses for students from EMBL and 
several other laboratories. 

Purchase of the second machine has facilitated the opti-
misation and stabilisation of the existing Coulter cell sorter. 
This machine was used over 50 times in 1992, in specialised 
applications or preparative experiments. 

Among the major applications in the facility were the quan-
tification of immunofluorescence and isolation of popula-
tions, the determination of cell cycle in yeast and mam-
malian cells, investigation of cell proliferation measured by 
bromodeoxyuridine uptake, and assessment of phagocytic 
activity in early and late endosomes of macrophages. We 
expect a greater demand on the preparative side of the flow 
cytometry, and it may be of interest to investigate again 
the performance of alternative techniques such as magnetic 
separation. 

Publications during the year 
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Humana Press 

Ansorge, W., Voss, H., Wiemann, S., Schwager, C., Sproat, 
B., Zimmermann, J., Stegemann, J., Erfle, H., Hewitt, N. & 
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Biology Laboratory. Electrophoresis, 13, 616-619 

Pagano, M., Pepperkok, R., Verde, F., Ansorge, W. and 
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Nucleic acid chemistry 

Group leader: B.S. Sproat 

Scientists: B. Beijer, M. Douglas 

Fellows: M. Grotli, R. Guimil Garcia 

Assistants: V. Adam*, S. Q'Loughlin, T. Rupp, S. Weston 

Branched oligoribonucleotides 

In collaboration with the group of Angus Lamond we started 
a project requiring the synthesis of small branched oligori-
bonucleotides. These compounds are required to assay for 
the activity of the debranching enzyme which is involved in 
hydrolyzing the 2'-S' phosphodiester linkage of the excised 
intron lariat produced during RNA splicing. Angus Lamond 
has started preliminary purification of this interesting en-
zyme. As soon as the enzyme has been purified in a rea-
sonable quantity, a variety of branched oligoribonucleotides 
will be made to investigate its substrate requirements and 
catalytic mode of action. 

Chemical constraints dictated that we should synthesize 
branched oligoribonucleotides on solid phase from the S' 
to 3' direction (the opposite direction to what is normally 
done in routine DNA and RNA synthesis). Thus, we re-
quired a reversed solid phase support, a branch point 
adenosine monomer and the four reversed monomers. We 
chose to use the 1-(2-fluorophenyl)-4-methoxypiperidin-4-
yl (Fpmp) group for protection of the ribose 2'-hydroxyl 
groups and the 9-phenylxanthen-9-yl (Pixyl) group for pro-
tection of the ribose 3'-hydroxyl groups in the reversed 
support and in the reversed monomers. We then synthe-
sized 2' ,3' -di-O-pixyl-N6 -benzoyladenosine-S'-O-(2-cyano-
ethyl N,N-diisopropylphosphoramidite) via S'-O-tert.-butyldi-
phenylsilyl-N6 -benzoyladenosine to be used as the branch 
point monomer, which would allow simultaneous chain ex-
tension from the 2'- and 3' -hydroxyl groups. Solid phase 
synthesis results in a branched oligomer bearing sequences 
of identical size and base composition attached to the 2'-
and 3'-hydroxyl groups of the branching adenosine. 

Initially we synthesized which was conve-
niently purified by reversed phase h.p.l.c. whilst still bearing 
the six Fpmp and two pixyl protecting groups. These groups 
were subsequently removed under mildly acidic conditions. 
Unfortunately, this short branched oligoribonucleotide was 
not a substrate for the enzyme. We then synthesized 

which turned out to be an excellent 
substrate for the debranching enzyme, which is now being 
purified. 

01 igo(2' -O-alkyl)ribonucleotides 

The phosphoramidite synthons required for the preparation 
of 0Iigo(2'-O-allylribonucleotides) were put on the market 
in the autumn by Boehringer Mannheim, who have an 
exclusive license to use our technology. 

These analogues are useful for the affinity chromatography 
of RNA-protein complexes (on-going collaboration with the 
group of Angus Lamond) and the hybridization arrest of 
translation of mRNA (collaboration with Matthias Hentze 
group at EMBL and Jean-Jacques Toulme in Bordeaux). 
Evaluation of 0Iigo(2'-O-alkylribonucleotides) as potential 
antiviral agents is being performed in collaboration with Kai 
Simons at EMBL and Jean-Louis Imbach in Montpellier. 

We have synthesized and started physical and biological 
studies on several interesting new analogues in this series. 
The 2'-O-cyanomethyl and 2'-O-propargyl analogues pre-
sented us with several chemical challenges. Cyanomethy-
lation and propargylation of the 2'-hydroxyl group of suit-
ably protected ribonucleosides was achieved in good yield 
using bromoacetonitrile and propargyl bromide respec-
tively, in the presence of 2-tert.-butylimino-2-diethylamino-
1 ,3-dimethylperhydro-1 ,3,2- diazaphosphorin in anhydrous 
acetonitrile. We synthesized 2' -O-cyanomethyl-2,6-diamino-
purine riboside, according to our well established proto-
cols for other analogues, only to find out that it is not a 
substrate for adenosine deaminase, thereby forcing us to 
devise an entirely new synthetic route to 2' -O-cyanomethyl-
guanosine. Thus, 3' ,S'-O-(tetraisopropyldisiloxane-1 ,3-diyl)-
2'-O-cyanomethyl-2-chloro-6-(2,6-dichlorophenoxy)purine-
riboside was converted to 3' ,S' -O-(tetraisopropyldisiloxane-
1,3-diyl)-2'-O-cyanomethyl-2-chloroinosine, which was 
reacted with sodium azide in N,N-dimethylformamide 
to give the 2-azidoinosine (present exclusively in the 
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tetrazolo tautomer form). Reduction of this compound 
to 3' ,5' -O-(tetraisopropyldisiloxane-1 ,3-diyl)-2'-O-cyanome-
thylguanosine was only possible by overnight treatment at 
50 0 C with the stannous tris(thiophenolate) anion. Subse-
quent conversion to the 2' -O-cyanomethylguanosine build-
ing block was achieved by standard methods. 

The sensitivity of the propargyl group to the oxidation 
conditions used in standard phosphoramidite chemistry 
obliged us to use the no longer fashionable solid phase 
phosphotriester chemistry for oligomer assembly. Suitably 
protected phosphodiester synthons were prepared, and 
we took the additional precaution of protecting the oth-
erwise modification-prone lactam functions of guanosine 
and uridine with the 06-diphenylcarbamoyl and N3-tert.-
butylbenzoyl groups respectively. A reaction time of one 
hour was necessary to achieve high yield condensations 
of these monomers with the 5'-hydroxyl group of support 
bound material using MSNT as condensing agent and 
1-methylimidazole as catalyst. The propargyl group is par-
ticularly useful since it can be transformed into a variety 
of other groups using modern carbon-carbon bond-forming 
reactions. This is the starting point for the facile introduction 
of functional groups for subsequent attachment of photoac-
tivatable cross-linking reagents and reporter groups. 

We expect that the cyanomethyl group could be useful 
for further developments in the synthetic hammerhead ri-
bozyme technology, since it is capable of coordinating tran-
sition metal ions. So far, investigations have shown that the 
2'-O-cyanomethyl RNA·RNA hybrid is considerably more 
stable than the 2' -O-methyl RNA· RNA one, implying that 
0Iigo(2'-O-cyanomethylribonucleotide) antisense probes will 
be able to disrupt double-stranded RNA structures. No 
doubt there will be useful biological applications for these 
analogues. 

Oligonucleotide synthesis service 

The service demands have finally reached a plateau. A total 
of 3,700 oligonucleotides were synthesized during the year, 
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of which 124 were 0Iigo(2'-O-alkylribonucleotides), mostly 
the allyl version, and 50 were oligoribonucleotides. Many 
of the oligomers were modified as phosphorothioates, for 
use in antisense experiments in the presence of nucleases, 
or were tagged with reporter groups such as fluorescein 
and biotin. The routine service work is carried out on three 
3-column synthesizers and two 4-column synthesizers. 

In addition, several hundred walking primers were syn-
thesized on the multiple oligonucleotide synthesizer con-
structed in collaboration with the group of Wilhelm Ansorge. 
This device has been further optimized both cosmetically 
and in performance, enabling the production of the large 
numbers of low cost, short oligodeoxyribonucleotide primers 
required for large scale directed sequencing projects. 

We have taken delivery of a large scale synthesizer for syn-
thesis of oligonucleotides on a 25-200 J.lmol scale. This will 
be used to produce sufficient quantities of oligonucleotides 
and their analogues for structural investigations. Several 
projects have already been planned. 

Publications during the year 
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Protein and peptide group 

Group leader: M. Mann* 

Scientists: R. Kellner, D. Nalis 

Fellows: K. Morand*, G. Talbo*, M. Wilm* 

Visitors: O. Blingsmo*, O. Vorm* 

Assistants: T. Houthaeve, R. Jacob 

The three major activities of the group are: (1) mass 
spectrometry; (2) micro purification, microsequencing and 
amino-acid analysis; (3) peptide synthesis. A wide range 
of techniques are employed in the group: from biochemical 
procedures to hardware and software development. Mass 
spectrometry was introduced as a research tool in the 
middle of the year. At the same time, we started a mass 
spectrometric service. It will be fully operational next year 
when service personnel is hired. 

Mass spectrometry 

The recent introduction of two new methods in mass spec-
trometry (MS) is expected to make a major contribution to 
the field of protein and peptide characterization. A demon-
stration of "Electrospray Mass Spectrometry (ESMS)" for 
large biomolecules was given at Yale University in 1988 and 
at about the same time "Matrix assisted Laser Desorption 
Ionization (MALOI)" was discovered at MOnster University. 
The methods are fundamentally different but are both appli-
cable to the mass determination of peptides and proteins. 
In ESMS ions are generated directly from the liquid phase 
and subsequently analysed in a quadrupole mass analyser. 
The ionization process provides the proteins with a vari\'lble 
but high number of protons. In MALO I a laser shot impinges 
on a mixed crystal of protein and matrix material, vaporizing 
it and ionizing some of the protein molecules. These ions 
are accelerated in a strong electric field in the vacuum and 
their flight time through a defined distance is measured 
(time of flight mass spectrometry, TOF). Plate 73 shows 
a characteristic mass spectrum of the same recombinant 
protein analysed by ESMS and by MALDI. 

Mass spectrometry is also capable of structure determi-
nation. Plate 74 shows the spectrum of a phosphorylated 
peptide which was ionized by electrospray and subsequently 
subjected to collisions in the vacuum. As can be seen in 

the Plate the peptide fragments mainly at the amide bonds 
giving rise to a set of sequence specific ions. In this case the 
resulting masses allow the read-out of the peptide sequence 
from the C-terminal and the localization of the phosphate 
group. 

We started our service work with mass-measurements of 
proteins for the groups of Creighton, Gruenberg, Leonard, 
Metcalf, Pastore, Pattus, Saraste, Serrano and Tsernoglou. 
We have also probed non-covalent interactions of a copper-
binding protein (Saraste) and identified peptides important in 
protein folding pathways (Creighton). All synthetic peptides 
are now being checked by mass spectrometry. Furthermore, 
we have started to analyse HPLC fractions of digests done 
for microsequencing. The combination of MS data with 
sequencer data has already proven to be very fruitful. For 
example, in the case that sample fractions contain more 
than one peptide, we have developed software to retrieve 
unique sequences. Because both methods, electrospray 
and laser desorption, are relatively new, much work remains 
to be done to integrate them into the protein laboratory and 
to build up an effective service. 

Improvements on a MALOI TOF instrument were started 
together with the Physical Instrumentation Programme and 
the manufacturer, Bruker Franzen Analytik. We further in-
tend to develop new MS instruments, new computer soft-
ware for the interpretation of MS spectra and more general 
and sensitive methods of structure determination by MS. 

Protein analysis by microsequencing 
and amino-acid analysis 

Amino-acid sequence analysis has become a central tool in 
the protein service at EMBL with the availability of sensi-
tive microsequencing instrumentation and techniques. The 
service capacity was enlarged with the help of an additional 
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sequencer and another separation system, High sensitiv-
ity N-terminal protein sequencing was established in the 
range of 1-10 pmol of sample, The high sensitivity coupled 
with the advent of one- or two-dimensional SDS-PAGE 
and the enzymatic or chemical cleavage directly within the 
polyacrylamide matrix and subsequently micropreparative 
separation of peptide fragments, has made amino-terminal 
sequence analysis possible for proteins not amenable to 
purification by other means. 

A challenge in terms of sensitivity and protein handling 
was the vesicular integral membrane protein of 21 kDa 
(VIP21). The protein was isolated from trans-Golgi-network-
derived transport vesicles from Madin-Darby canine kidney 
(MDCK) cells and could be involved in the apical and 
basolateral sorting machinery in epithelial cells which is 
under investigation by the group of Kai Simons. After gel 
electrophoresis of a CHAPS insoluble membrane fraction 
VIP21 was not transferred onto PVDF in sufficient yield. The 
only remaining option therefore was to digest this sample 
within the polyacrylamide matrix. The sequence information 
obtained in this way enabled the design of a degenerate 
oligonucleotide and finally we isolated the full-length cDNA 
clone. 

Five phosphorylation sites could be identified for the hu-
man response factor (SRF) located at serines within the 
amino-acid sequence from 77 to 85 and on Ser103. SRF 
bearing a histidine tag was expressed using a vaccinia virus 
and purified by the group of Henk Stunnenberg. Digestion 
and microsequencing showed that the phosphorylation sites 
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were at the N-terminal and we could then prepare several 
mutants for DNA binding studies, These findings imply that 
SRF phosphorylation may playa certain role in the regula-
tion of c-fos transcription, 

To determine cytosolic interaction partners of the small 
GTP-binding protein Rab5 a series of protein identifications 
was done together with the groups of Jean Gruenberg and 
Kai Simons, In vitro synthesized Rab5 was cross-linked 
via a photo label to several cytosolic proteins. We detected 
two dominant proteins of 42 and 48 kDa after coomassie 
staining following 1 D-PAGE and identified them after in ma-
trix digestion and microsequencing as actin and elongation 
factor-1 a, respectively. By using the same procedure two 
further proteins were identified as desmin and vimentin after 
a 2D-gel analysis. 

Endosome-endosome interaction was studied using an in 
vitro assay which followed the proteins transferred from an 
acceptor to a donor upon fusion of early endosomes. The 
group of Jean Gruenberg was able to identify several donor 
proteins by 2D-gel electrophoresis and autoradiography. 
Using microsequencing it was possible to show that one of 
these proteins was annexin II, a protein known to mediate 
membrane-membrane interactions. 

Furthermore a number of other proteins with very different 
properties were analysed using all the appropriate tech-
niques available. These results are, however, still under 
investigation by the groups of Georgatos, Graf, Gruenberg, 
Hurt, Leonard, Mattaj and others. 
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Amino-acid analysis was used to check and characterize 
all the synthetic peptides. In addition it was important for 
applications like peptide mapping by compositional data, 
C-terminal sequence information after carboxypeptidase di-
gestion, and of course in quantifying and characterizing 
proteins by their composition. 

Integration of mass spectrometry as a service tool has 
become a major interest since the MS group was set up in 
the middle of the year. After the instruments were installed 
and tested we started to elaborate protocols for protein 
applications. Sample preparation is a key step in MS as 
it is in microsequencing and therefore buffers, detergents 
and protein concentrations have to be optimized for protein 
sample preparation and protein digestions. Next year we will 
mainly focus on the following tasks: 

- to extend the information obtained for protein character-
ization (e.g. by the precise molecular mass) 

- to work on protein modifications 
- to optimize sequencing efficiency by combining MS and 

Edman capabilities 

Peptide synthesis 

Peptide chain assembly is routinely performed with an 
ABI 431A peptide synthesizer and an automated multiple 
peptide synthesizer Abimed AMS 422. 320 Peptides were 
delivered during the year amongst which were an increasing 
number of multiple antigenic peptides (MAPs). We further-
more synthesized a set of 96 overlapping peptides on a 
cellulose membrane using the SPOTs system for antibody 
epitope analysis. This new technique proved to be valuable 
as a routine tool for research projects at EMBL and has al-
ready generated a great deal of interest among researchers 
working with antibodies. 

The formation of secondary peptide structures during syn-
thesis results in resin shrinkage and reduced reaction rates 
which may lead to incomplete coupling or N-a-deprotection. 
The UV monitoring system installed on the ABI431A peptide 
synthesizer now routinely provides a real-time control of the 
peptide synthesis. It allows the detection of a slow Fmoc-
deprotection which usually precedes a difficult coupling step. 
However, we found that such synthesis breakdowns can 
often be circumvented by using the new polyethylene glycol-
polystyrene (PEG-PS) graft support instead of the standard 
1 % cross-linked polystyrene. The monitoring profile and 
crude peptide quality then improved significantly. Both these 
aspects have become particularly helpful in the synthesis of 
large peptides. 

A fully automated semi-preparative HPLC separation sys-
tem has been developed to obtain a higher purification 
throughput for the requested peptides. The computer soft-
ware has been written by the electronic workshop and 
controls the operation of the HPLC modules: autosampler, 
pumps, detector, strip chart recorder and fraction collector. 
In a normal run up to six peptides (10 to 200 mg each) 
can be purified overnight, without any operator interven-
tion. 
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The HLH-LZ group of proteins is a transcription factor family 
which shows an helix-loop-helix DNA binding/dimerization 
domain followed by a leucine zipper sequence motif. NMR 
structural studies of synthetic peptides encompassing the 
LZ domain provided some insights into the dimerization 
process. Investigations were also carried out on dimers 
containing synthetic disulfide bridge and on fluorescently 
labelled peptides probes (with group Pastore). 

Selective phosphorylation of a tyrosine was achieved in 
good yields by post-assembly phosphorylation on a resin 
with di-tert-butyl N,N-diethylphosphoramidite, followed by 
oxidation with tert-butyl hydroperoxyde (for the groups of 
Sara Courtneidge and Eric Karsenti). However, several 
problems were encountered for the serine and threonine 
phosphorylation. In spite of an excess of reagent the desired 
H-phosphonates were often obtained in poor yields and the 
oxidation was incomplete or even inefficient for particular 
peptide sequences. 

Mass spectrometry is a very valuable tool for the evaluation 
of synthetic peptides, and we now rely on it as a routine part 
of their characterization. The availability of this technique 
led to an improvement of the peptide service quality and it 
especially supported the optimization of the production of 
modified peptides e.g. lipopeptides and phosphopeptides. 

Publications during the year 

Gaede, G. & Kellner, R. (1992). Primary structures of the 
hypertrehalosemic peptides from corpora cardiaca of the 
primitive cockroach Polyphaga aegyptiaca. Gen. Compo En-
docrinol., 86,119-127 

Gaede, G., Lopata, A., Kellner, R. & Rinehart, K.L. (1992). 
Primary structures of neuropeptides isolated from the cor-
pora cardiaca of various cetonid beetle species deter-
mined by pulsed-liquid phase sequencing and tandem fast 
atom bombardment mass spectrometry. Bioi. Chem. Hoppe-
Seyler, 373, 133-142 

Janknecht, R., Hipskind, R., Houthaeve, T., Nordheim, A. 
& Stunnenberg, H. (1992). Identification of multiple SRF N-
terminal phosphorylation sites affecting DNA binding prop-
erties. EMBO J., 11, 1045-1054 

Kellner, R., Houthaeve, T., Kurzchalia, T., Dupree, P. & 
Simons, K. (1992). Internal fragmentation of proteins in poly-
acrylamide matrices for microsequencing. J. Prot. Chem., 
11,356 

Kurzchalia, T.V., Dupree, P., Parton, R.G., Kellner, R., Virta, 
H., Lehnert, M. & Simons, K. (1992). VIP21, a 21 kDa 
membrane protein is an integral component of trans-Golgi-
network-derived transport vesicles. J. Cell Bioi., 118, 1003-
1014 

Kurzchalia, T.V., Gorvel, J.P., Dupree, P., Parton, R. Kell-
ner, R., Houthaeve, T., Gruenberg, J. & Simons, K. (1992). 
Interactions of Rab5 with cytosolic proteins. J. Bioi. Chem., 
267, 18419-18423 
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Computer group 

Group leader: R. Omond 

Scientists & Assistants: D. Fedronic*, M. Hage*, B. Kunkel, P. Rice, E. Schechinger, W. Winkler 

Visitor: R. Lopez* 

Several significant events took place in 1992. While the 
Computer Group continues to hold the responsibility of 
running the main computing facilities at the EMBL, we have 
observed a certain amount of decentralization, in particu-
lar with the advent of the NMR and Molecular Dynamics 
groups, which have taken on the management of their 
own computing resources. This is a natural consequence 
of the ever-increasing reliance on computing equipment, 
and the same decentralization is clear to be seen in most 
universities. Because of this and the fact that generally 
all new equipment is inherently connected to the world-
wide Internet, it is absolutely essential that the Computer 
Group continues to playa co-ordinating role even in those 
management domains for which it is not directly responsi-
ble. 

The VAXcluster facility 

Thanks to a very generous grant from Digital, the EMBL was 
able to increase the computing capacity of the VAXcluster by 
a very significant amount. The three-year old VAX 6000-420 
was replaced in the middle of the year by the mainframe-
class VAX 9000-420, offering at least a seven-fold increase 
in performance. The new machine is equipped with 2 scalar 
processors, 2 vector processors and 512 megabytes of main 
memory, and is thus easily capable of supporting the 150 
to 200 users who are logged in on typical days. With the 
VAX 9000-420 at the hub of the VAXcluster, the achieved 
availability of the central facility is close to 100%. 

Despite this, the idle time of the VAX 9000 (that is, the time 
when the processors have no work to do) can be measured 
in terms of hours per month. This is a clear indication that 
in a research facility like the EMBL, the amount of computer 
work increases to fill the available capacity, independent of 
the amount thereof. 

The Administration computing facility 

In past years, the EMBL Administration has utilized the 
facilities of the main VAXcluster. Increasing requirements for 
disk storage capacity would have entailed a costly addition 
to the main disk farm; instead of this, we have taken the op-

portunity to migrate the Administration users to a dedicated 
microVAX 3100-80, with 32 megabytes of main memory 
and 2,500 megabytes of relatively inexpensive disk storage. 
Since this machine is dedicated to the Administration, we 
achieve a much higher degree of security. In addition, we 
have fine-tuned the microVAX to the specialized needs of 
the commercial (as opposed to scientific) environment of 
these users. This has resulted in a noticeable improvement 
in the response time observed by the Administration. Also, 
since the migration to this machine, we have achieved 
effectively a 100% availability over 9 months of usage, the 
only interruption being in November when the whole of 
the laboratory's power supply was switched off for annual 
inspection. 

The Unix workstation environment 

Coupled with the arrival of the NMR and Molecular Dy-
namics groups, advantage was taken of a special offer 
from Silicon Graphics, to upgrade our older Silicon Graphics 
VGX workstation to the high-end model 4801VGX, with eight 
40 MHz R3000 processors and 128 megabytes of main 
memory. This became the obvious central node in the main 
Unix environment at the EMBL, and our efforts to improve 
the quality of the general service, have been concentrated 
on this machine. Although there were initial problems with 
the stability of the hardware, the service has matured greatly 
over the past year. Similar to the remark above re capacity 
on the VAX 9000, the CPU utilization of the Silicon Graphics 
machine is close to 100% measured over months. 

In addition to this upgrade, several groups purchased 
the low-end Silicon Graphics Indigo workstations, offering 
pseudo three-dimensional graphics capabilities for the first 
time on individual scientists' desks. Although we are still 
supporting a very heterogeneous set of Unix computers, we 
are observing a distinct dominance of the following: 

- Silicon Graphics (Indigo, Iris); 
- Digital (DECstation); 
- Sun (SPARCstation). 

Indeed we would like to restrict future purchases in this area 
to these machines (or to compatible future systems) to keep 
the management overheads within reasonable bounds. 
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DECmpp 12000 (MasPar MP-1) 

As part of the generous grant from Digital allowing the 
purchase of the VAX 9000-420, the EMBL also purchased 
the DECmpp 12000 massively parallel processor machine 
(actually the MP-1 from MasPar, but marketed by Digital). 
It is generally accepted that any quantum leap in terms of 
computer processor performance can only occur by adopt-
ing architectures based on massively parallel processing. 
The Computer Group sees the acquisition of the DECmpp 
12000 as a first step into the world of parallel process-
ing. The actual model installed has 4,096 individual RISC 
processors, each with 64 kilobytes of memory. A DECsta-
tion 5000 serves as front-end to the MasPar. Of course there 
is not yet a wealth of experience within the EMBL as regards 
program development on this architecture; however some 
groups, in particular the EMBL Data Library and the group 
of Patrick Argos, have been making encouraging progress. 

In a collaboration between John Collins and Shane Sturrock 
(University of Edinburgh), Des Higgins (EMBL Data Library) 
and the Computer Group, we have announced Blitz, a 
new sequence searching service using the MPsrch program 
of Collins and Sturrock running on the MasPar machine. 
Access, which is totally unrestricted, to this service is via 
e-mail, and initial usage is very high. Typical searches of 
the Swiss-Prot database, which might run for over an hour 
on conventional machines, take less than 40 seconds on 
the MasPar. 

External network connectivity 

In spite of the upgrade to our Internet connection from 9600 
baud to 64000 baud as announced in last year's report, 
the observed performance we were achieving in terms of 
throughput can only be described as catastrophically bad. It 
must be stressed once again that the EMBL, by the very 
nature of the international character of the laboratory, is 
extremely dependent on good network connectivity. The 
situation in the Federal Republic of Germany re Internet, es-
pecially concerning network traffic outside its territory, was, 
until recently, not befitting that of an advanced nation. Sev-
eral factors have led to this regrettable situation, not least 
the extraordinary high tariffs imposed by the German PTT. 
Another important factor has been the fact that the network 
providers (in the EMBL's case, EUnet GmbH (formerly under 
the auspices of the University of Dortmund), and latterly the 
DFN (Deutsches Forschungsnetz) have been attempting to 
offer services using woefully inadequate connections both 
within and outside the Federal Republic of Germany. The 
Computer Group has made the decision to abandon EUnet 
GmbH in favour of the DFN. Although this has resulted 
in a very noticeable improvement in throughput, we still 
feel compelled to investigate other possible channels. To 
further complicate the European networking scene, there 
is also an ongoing discussion as to the relative merits of 
the EBONE (European backbone) and the EMPB (European 
Multi Protocol Backbone). Whereas the DFN has declared 
its support for EMPB, it does leave the Federal Republic 
of Germany as a glaring omission in the EBONE topology, 
which is based on a pentagon linking sites in Stockholm, 

186 

Amsterdam, London, Paris and CERN. It should be pointed 
out that almost all of the European traffic to and from the 
EMBL, especially in the context of the EMBnet, will flow over 
the EBONE. To attempt to acquire a more direct link to the 
EBONE, we have gone into a non-binding agreement with 
the ECRC (European Computer manufacturers' Research 
Centre) in Munich, whose needs and analysis of the network 
problems are remarkably similar to the EMBL's, to "piggy-
back" our traffic outside the Federal Republic of Germany 
onto the direct connection from the ECRC to the EBONE 
node in Amsterdam. We are very pleased with the initial 
results. 

Network services 

We have always envisaged external services, again es-
pecially in the context of the EMBnet project, as being 
fundamental to the role of the EMBL. As a result of the 
improvement in connectivity mentioned above, we have 
begun to offer new services over and above the traditional 
ones mentioned in previous years' reports (e.g. FASTA, 
Quicksearch, Netserv). The most important such service 
is the "anonymous FTP" service, which allows individual 
researchers access to the large quantities of data and 
software offered by various EMBL groups, in particular the 
EMBL Data Library. Although not vastly different from the e-
mail based Netserv facility, "anonymous FTP" is preferred by 
many users. It has now become feasible for researchers to 
download entire copies of the EMBL Nucleotide Sequence 
Database over the Internet. This has been done by several 
partners in several countries, e.g. Australia, the USA, Israel, 
France, Belgium. 

The sheer quantity of services offered throughout the In-
ternet, bearing in mind that it is estimated that there are 
now more than 1,000,000 nodes on the Internet, has un-
doubtedly led to bewilderment among the research com-
munities. This shortcoming has certainly been recognized 
and several attempts have been made to help non-expert 
users to navigate through the network world. Perhaps the 
most promising of these attempts has been the acceptance 
and establishment within the molecular biology community 
of the "Gopher" protocol. In a collaboration with the EMBL 
Data Library, we are now offering a Gopher server at the 
EMBL. 

The sequence search service based on the MasPar has 
been mentioned above. 

In a further collaboration with the group of Christian Sander, 
an e-mail based server has been established for automatic 
protein structure prediction. 

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. The Computer Group has negotiated the loan 
of two high-quality colour PostScript printers, one from Rank 
Xerox and one from Kodak, to test the suitability of these for 
producing colour documents direct from, amongst others, 
Macintosh computers. These have already proved to be 
indispensable and it is difficult to imagine the days when 
no such facility existed at the EMBL. 

GCGEMBL sequence analysis software 

New programs in the GCG package supplement this year 
included GELFIGURE to display the results of a completed 
(or near-complete) fragment assembly project in graphical 
form and PEPCOIL to locate potential regions of coiled-coil 
structure within a protein sequence, BASEPAIRPLOT to 
analyze dinucleotide frequencies, KABATTOGCG to convert 
the Kabat immunoglobulin database to GCG database for-
mat, MELT to calculate the melting temperature of a DNA 
oligonucleotide, MELTPLOT to plot the melting curve of a 
DNA oligonucleotide, PALINDROME to search for inverted 
repeats in nucleotide sequences, and a number of conver-
sion programs for interchanging sequence formats. 

The GCGEMBL programs have been converted to run 
with most Unix versions of GCG. They are available by 
anonymous FTP and will again be distributed with the GCG 
package. 

Escherichia coli database 

In collaboration with Manfred Kroger (Justus-Liebig Uni-
versity, GieBen) and with Catherine Rice (EMBL Data Li-
brary), the Ecoli database of known sequence data has 
been maintained and improved. The database now contains 
over 45% of the total sequence of the Ecoli chromosome. 
An analysis of the sequences in this database was used 
in collaboration with Hans Fritz (University of Gottingen) 
to demonstrate the effect of the VSR repair system on 
the distribution of specific 4-mer and 5-mer sequences in 
the Ecoli genome. A new format for this database has 
been agreed. This includes the integration of the complete 
E.coli genetic map, accession numbers for DNA and protein 
sequences, full cross references to many other relevant 
databases (including EMBL, SWISS-PROT, 2D-gels and the 
physical map database maintained by Kenn Rudd at NCBI), 
and an annotated genomic sequence database. 

Future developments 

The never ending requirements for more computing power 
within the EMBL might be satisfied by the purchase of a 
real supercomputer. For more than one year, the EMBL 
Computer Users' Group, an open forum, has been dis-
cussing which directions we should be taking to satisfy 
these needs. It is generally accepted that the model for the 
1990's will be in the world of massively parallel processing. 
Indeed, as mentioned above, the purchase of the DECmpp 
12000 is a first step in this direction. However, this ma-
chine should not be regarded as competing with the true 
high-end of supercomputers. We have been discussing with 
several companies the possibility of purchasing a machine 
with substantially more power than any of those currently 
available at the EMBL. Moreover the EMBL Council has 
approved the idea and we look forward to further negotiation 
with manufacturers. Clearly the present environment at the 
EMBL has woefully inadequate capacity to accommodate 
the needs of such groups as the Molecular Dynamics and 
NMR groups. 

However, as a possible interim solution, we feel that the 
newly announced Alpha AXP family of computers from 
Digital might go some way to satisfying some of these 
needs. As a result of the EMBL's long-standing excellent 
working relationship with Digital, we took delivery of our first 
Alpha AXP machine at the end of the year. Results from 
the first programs converted to the Alpha are that porting is 
relatively easy and that the programs run at least as fast as 
expected on the new architecture. 

Publications during the year 

Kroger, M., Wahl, R., Schachtel G. & Rice, P. (1992). 
Compilation of DNA sequences of Escherichia coli (update 
1992). Nucl. Acids Res., 20, 2119-2144 

Merkl, R., Kroger, M., Rice, P. & Fritz, H.-J. (1992). Statis-
tical evaluation and biological interpretation of non-random 
abundance in the Ecoli K12 genome of tetra- and pentanu-
cleotide sequences related to VSP DNA mismatch repair. 
Nucl. Acids Res., 20,1657-1662. 

Fuchs, R., Rice, P. & Cameron, G.N. (1992). Molecular 
biological databases - present and future. Trends in Biotech-
nol., 10, 61-66 
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Data library group 

Group leader: G. Cameron 

Scientists, engineers: H. Bilotsky, B. Boeckmann, T. Black, D. Emmert, R. Fuchs, D. Hazledine, P. Herde, 
D. Higgins, R. Huie, R. Kania, C. Rice, P. Sibbald, J. Smith*, M. Sommerfeldt, P. Stoehr, G. StoBer, A. Teynor 

Visitors: L. Akselberg*, A. Bairoch*, J. Davis*, D. Graur*, C. Helgesen*, J. Parsons*, E. Rock*, S. SChweigert*, F. Wright* 

Assistants: H. Abassio, R. Apweilero, J. AShurst*, G. Astvatsaturyants*, J. Burton, P. Cairnso, C. Christodoulouo, 
A. Daskaroliso, S. DottiO, L. Drost, N. England*o, E. FOllmer-Hausleo, M. Frick*o, V. Harvey, D. Hayhow*, 
R. Hayhow*, R. Hemberger*o, R. Linke*, T. Mahtoodo, S. Moulton*, I. O'Sullivan*, M. Pannone*o, S. Rehberger*, 
J. Scott*, C. TSindikidouo, M.A. Tuli 

With CD-ROM having overtaken magnetic tape as the main 
distribution medium for our databases, the most exciting 
developments in 1992 were enhancements to the CD-ROM 
format and the production of software to exploit those devel-
opments. Also striking was the improved automation of the 
mechanisms for the inclusion of data from genome sequenc-
ing projects. Such data are already beginning to heavily 
affect the emphasis of the nucleotide sequence database. 

The data collections 

The EMBL Data Library continues to distribute a large range 
of databases, but the main endeavours of the group are still 
in the preparation of the nucleotide sequence database and 
the SWISS-PROT protein sequence database. 
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Nucleotide sequence database growth. 

Nucleotide sequence data - The database grew 55% dur-
ing 1992, the number of sequences increasing from 57,765 
to 89,100 and the nucleotides increasing from 75,400,487 
to 111,413,979. This growth is summarised in Plate 75. 

Protein sequence data - As shown in Plate 76, the SWISS-
PROT protein sequence database grew by about 1.5 million 
amino-acids to a total of 9 million in the course of the year. 

A number of important data collections have been added to 
the EMBL repository in 1992, including the Kabat database 
of sequences of immunological interest, the ICRF Refer-
ence Library Database, Henikoff's BLOCKS database, and 
Argos's 3D-Alignments database. 
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Data management 

A significant memory and processor upgrade to our RDBMS 
server machine plus further workstation purchases have 
improved our data throughput rates during 1992. 

Much software development has been concentrated on our 
submission processing procedures, allowing us to achieve 
100% automation of processing of submissions created with 
the DDBJ/EMBUGenBank Authorin software, and also to 
improve our procedures for matching published and submit-
ted sequences to eliminate redundancy. 

Data distribution 

CD-ROM and magnetic tape are still used for distribution 
of quarterly releases of the databases, while daily updates 
of the EMBnet nodes and various other network access 
methods make the newest data between releases available. 

Although the electronic mail server continues to be very 
popular, we have added a number of new external services 
in 1992. An anonymous FTP server supplements the e-mail 
server, giving access to complete EMBL databases and 
software repository including the quarterly releases plus 
weekly updates. Despite the short period of its existence 
and previous problems due to bad Internet connectivity, 
the FTP server has gained popularity, with more than 100 
downloads every day. The weekly updates to the EMBL 
database are very popular allowing remote users to keep 
their local database copy up-to-date. 

Additionally, we now offer access to the FTP archives via 
the Gopher protocol. Gopher clients greatly simplify the use 
of computer networks, in particular for computer novices, 
by hiding their complexity behind a simple graphical user 
interface. The great interest in EMBL's Gopher server is 
illustrated by its heavy use from people all around the 
world - a huge proportion of requests come from outside 
Europe. Being a major part of the EMBnet Biogopher net-
work EMBL's Gopher provides links to other information 
resources within Europe and elsewhere. 

The EMBL servers continued to play their role as important 
archives for molecular biological software, seeing a constant 
flow of molecular biological programs submitted to the Data 
Library from many software authors. 

EMBnet 

EMBnet continued its function as a vehicle for daily updates 
from the Data Library, and in 1993 we began to see some 
benefits from the EC BRIDGE funding which provided re-
sources for several training courses and technical meetings 
as well as some support for the annual business meeting 
in Nijmegen and managerial and secretarial assistance in 
Bari. 

Data frcim genome projects 

1992 has seen a dramatic increase of data coming from 
genome sequencing projects. In tight collaboration with 
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The EMBL Data Library Today 

The EMBL Data Library's main task is the 
preparation and distribution of information on: 

• Nucleotide sequences 
• Protein sequences 

In addition, in collaboration with expel1s 
throughout Europe other databases are 
distributed. Topics include: 

• Eukaryotic promoters 
• E.coli 
• Function specific protein patterns 
• Enzymes 
• Protein structures 
• Transcription factors 
• Drosophila genetic maps 
• DNA sequence alignments 
• Different molecular biological databases 
• Articles dealing with sequence analysis 
• Codon usage 
• tRNAs 
• Alu sequences 
• Haemophilia B 
• Small RNAs 

Information is distributed on magnetic tape, 
CD-ROM and over computer networks to about 
10,000 scientists throughout the world. 

several European genome projects the Data Library has 
developed and implemented procedures to allow these 
researchers to load their data directly into the relational 
database without human intervention. The steady stream 
of this kind of submissions is a major contributing factor to 
the increase of the average growth rate of the database to 
more than 10% per release. Table 1 summarizes the data 
received from various projects. 

It is interesting to note that, although the nucleotide se-
quence database contains data from more than five thou-
sand species, as can be seen from Plate 77, almost half the 
data come from the ten most commonly sequenced species. 
It will be interesting to see how this balance changes as the 
genome projects deliver increasing quantities of data. 

Table 1 

Data from genome projects 

Entries bp 

Genexpress Genethon 3266 998074 

C.elegans nematode project 640 408511 

S.cerevisiae yeast project 4 327317 

French Arabidopsis cDNA 903 271501 
project GDR 

Genexpress Munich 239 64870 
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Proportion of nucleotide sequence database from various species. 
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In the course of 1992 a contract was finalized with the 
European Patent Office whereby they provide resources to 
incorporate sequence data from patents in the database. 
Most of the necessary software development has already 
been completed, and we are now entering the data. 

International collaborations 

The cooperation between EMBL and the DDBJ and Gen-
Bank groups in Japan and the United States continues. Our 
1992 collaborative meeting was held in Mishima, Japan, and 
was devoted to detailed discussions of the new data ex-
change systems which we are now implementing following 
the transfer of responsibility for the GenBank database to 
the National Centre for Biotechnology Information (NCBI) in 
the USA. 

We now have access to a comprehensive database of 
published sequences as a result of our collaboration with 
NCBI, and work very closely with DDBJ to ensure that 
sequences submitted by Japanese researchers are being 
matched against their published versions as quickly as 
possible. 

Data from the NCBI and DDBJ operations continue to enter 
the EMBL database automatically on a daily basis, and 
recent improvements in our network connectivity will allow 
us to build more effective data exchange mechanisms. 

The collaboration with MIPS, the European partner in the 
PIR international protein sequence database continued. 
EMBL forwards protein coding nucleotide sequences to 
MIPS and the protein and nucleotide sequence databases 
pursue a co-ordinated data submission policy. 

Research and development 

EMBL-Search 

A new database retrieval system has been developed that 
allows rapid access to the databases provided on the EMBL 
CD-ROM. It is based on a set of index files that allow 
quick lookups of entry names, accession numbers, key-
words, species, author names and free text searches. These 
index files are platform-independent and allow any software 
developer to build database retrieval tools. As an example, 
we have developed a Macintosh application called EMBL-
Search that allows queries of the EMBL, SWISS-PROT and 
PROSITE databases on our CD-ROM. It complements our 
CD-SEQ software available for MS-DOS computer systems, 
but is a genuine Macintosh program, making full use of 
the Macintosh's superior graphical user interface. A most 
interesting aspect of EMBL-Search is its utilisation of cross-
references between databases, allowing users to navigate 
easily between databases to explore related information. 
Additionally, its network capabilities make it particularly in-
teresting to small laboratories who can make one CD-ROM 
centrally available on a server machine and access it from 
individual workstations using the EMBL-Search software, a 
very cost-effective solution. 

MacPattern 

The popular Apple Macintosh program MacPattern for the 
functional analysis of newly determined protein sequences 
has been improved considerably by R. Fuchs. In addition to 
pattern searches using the PROSITE protein motif database 
it now supports block searches with scoring matrices de-
rived from S. Henikoff's BLOCKS database as well as the 
identification of statistically significant sequence segments 
according to the maximal segment score method of S. 
Altschul and S. Karlin. 

MacT 

In a collaboration between A. LOttke (Cologne) and R. Fuchs 
a set of Apple Macintosh programs was developed for the 
construction and evaluation of phylogenetic trees. This pro-
gram suite integrates several algorithms allowing a thorough 
statistical analysis of trees derived from protein sequences. 

Utilisation of parallel architecture 

During 1992, the computer group acquired a massively 
parallel MasPar computer. We have entered into a collabo-
ration with John Collins in Edinburgh to provide a sequence 
database search service on this machine. The MasPar is 
ideally suited for very fast database similarity searches us-
ing the sensitive Smith and Waterman algorithm. Searches 
that would take over an hour on a conventional machine 
require less than 20 seconds on the MasPar. The Edinburgh 
group already have their program working on a MasPar 
and, early in the new year, we will provide an electronic 
mail service, initially for searching the latest SWISS-PROT 
protein database. Later we hope to also provide a very fast 
DNA searching facility. These services will be offered free 
to the molecular biology community. 
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Sequence analysis and molecular evolution 

Dan Graur from Tel Aviv University visited the Data Library 
for 7 weeks. He worked on cetacean (whales and dolphins) 
and artiodactyl (cows, pigs and camels) phylogeny using 
sequence data. The purpose of the visit was to learn how to 
use the latest sequence data and retrieval software and to 
plan an EMBO course on sequence analysis and molecular 
evolution which will be held in EMBL in 1993. 

CLUSTAL V 

The CLUSTAL V multiple alignment program continues to be 
improved. The main changes are to allow for more flexible 
input and output formats and to improve the scoring system 
for the alignments. It has been distributed via e-mail and ftp 
servers to thousands of users worldwide. 

Novel database approaches 

The Data Library's exploration of object-oriented method-
ologies made significant progress this year with the acqui-
sition of the database management system Object Store. 
Sibbald and Herde are utilising this system and appropriate 
object oriented languages to produce prototype databases 
for molecular biology, and we expect to see the benefits of 
this work in 1993. This work has benefited from the efforts 
of Sabine Schweigert on "Modelling of molecular biological 
sequence data and their semantic integrity constraints using 
object oriented databases" for her Diplomarbeit. 

Protein reasoning 

Sibbald and Herde have also been exploring an innovative 
approach to protein structure solution which attempts to 
utilise often ignored information which constrains the so-
lution space. For example, the amount of helix affects the 
number of permissible disulphide bonds but not in any ob-
vious fashion. Experience with an expert system prototyped 
in Prolog and later recoded in C indicates that achieving 
moderate resolution is easier than traditionally thought. 

International Advisory Committee 

The International Advisory Committee for Nucleotide Se-
quence Databases met for the fifth time in March in Hei-
delberg. The discussion stressed the importance of the 
databases as information resources and encouraged early 
submission and release of data, both from genome projects 
and from individual scientific reports. 

The European members of the committee met in October 
and made a number of recommendations aimed at ensur-
ing a smooth transition to a collaboration with NCBI and 
encouraging good links to appropriate literature databases. 

Support for the Data Library 

The Data Library continues to be supported jointly by EMBL 
and the EC. The EC's BRIDGE Programme funding termi-
nates in February 1992, but a follow-on proposal has been 
submitted to the Biotechnology Programme and we are at 
present optimistic that we will receive further support. 
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The European Bioinformatics Institute 

Throughout the year EMBL and the EC have, with slightly 
different missions, been exploring ways to: 

- ensure that the services of the EMBL Data Library can 
continue into the future, develop in ways which are 
responsive to the needs of rapidly advancing biological 
research, and be capable of exploiting technological 
advances in informatics; 
reinforce areas which, under the present level of sup-
port, have been neglected, particularly training and user 
support; 
make the voice of European bioinformatics heard in the 
global arena and by other European organisations - e.g. 
computer network providers; 
increase the effectiveness of dispersed, high-quality, Eu-
ropean research and service by entering into extensive 
collaborations with centres of expertise throughout Eu-
rope to take advantage of their specialised knowledge, 
avoid duplication of effort, and encourage (or provide) 
support for them. 

The culmination of these deliberations was the delivery, by 
PA Consulting of the conclusions of their study for a Euro-
pean Nucleotide Sequence Centre (ENSC) and the EMBL 
Council's debate, in their December meeting, of the proposal 
for a European Bioinformatics Institute (EBI) developed by 
EMBL in collaboration with the Council's Working Group. 
The Council found the arguments for an EBI compelling, felt 
that the ENSC's somewhat narrower mandate could be in-
corporated within the EBI and concluded that EMBL should 
acquire an Outstation to become the EBI and negotiate with 
the EC to incorporate the ENSC. We expect the location of 
this Outstation to be determined early in 1993. 
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The director's group 

Group leader: L. Philipson 

Scientist: V. Sorrentino 

Fellows: M.V. Barone, G. Giannini, G. Marziali, L. Ottini*, A.F. Peverali, T. Ramqvist* 

Visitors: P. Cowled*, S. Mammarella* 

Assistant: A. Charlesworth 

From a philosophical point two approaches have been pro-
posed to study growth regulation. One is based on the fact 
that cells are naturally quiescent requiring an encounter 
with stimulatory growth factors for induction of cell division. 
The other considers cellular multiplication as the natural 
steady-state; cessation of multiplication is thereby a restric-
tion imposed on the system. In the latter case emphasis is 
mainly on the signals involved in arrest of cell growth. 

Our group is studying specific events occurring in mam-
malian cells at growth arrest, terminal differentiation and 
senescence with specific emphasis on growth inhibitory 
factors and other signals for growth suppression. Several 
years ago, we identified by subtractive cDNA cloning several 
genes that are down-regulated when the cells are stimulated 
to re-enter the growth cycle. The expression of these growth 
arrest specific (gas) genes is repressed by serum stimula-
tion or specific growth factors. We are continuing to establish 
the structure and function of the gas genes and to ascertain 
whether they have a role in controlling cell proliferation. 

Both the mouse and the human gas 1 genes have been 
cloned as full length cDNAs and the genomic clones have 
been characterized through a collaboration between Trieste 
and Heidelberg. The gas 1 mRNA which is transcriptionally 
down-regulated upon serum stimulation does not contain 
any introns. It codes for a membrane protein accumulating at 
the cell surface at growth arrest with rapid down-regulation 
during growth both with regards to mRNA and protein 
expression. Experiments are continuing to establish the 
transcriptional control elements and the transcription factors 
interacting with this model gene for growth arrest specific 
expression. 

Furthermore, the gas 1 cDNA when under control of a 
promoter active in growing cells, seems to arrest growth 
both in normal 3T3 cells as well as in 3T3 cells transformed 
with several oncogenes derived from retroviruses. On the 
other hand 3T3 cells transformed with the SV40 virus large 

T antigen do not respond to ectopic expression of the gas 1 
gene. A report on these findings has been published: (Del 
Sal et al. 1992). 

The work on the gas 5 cDNA antigen which is highly ex-
pressed in density inhibited Friend leukemia cells is continu-
ing. The gene gives rise to two mRNAs encoding proteins of 
39 to 41 amino-acids respectively but the messenger RNA, 
which is around 500 bases, is derived from 12 exons in a 
7 kb long genomic site. The two messenger RNAs are gen-
erated by differential splicing leaving out one of the exons in 
the smaller form of the mRNA. The protein encoded in full-
length cDNAs can be identified as an 8 kDa polypeptide in 
in vitro transcription-translation systems. In vivo, however, 
the protein product has escaped detection. We are currently 
studying whether this RNA might control the down- or up-
regulation of the gas genes during the growth cycle. A report 
on the gas 5 cDNA has been published (Coccia et al. 1992). 

The ryanodine receptors (RYRs) are intracellular Ca2+ re-
lease channels and the previously identified types are con-
fined to the sarcoplasmic reticulum of skeletal (type 1) or 
cardiac (type 2) muscles. By differential screening of a 
cDNA library prepared from TGF,B treated CCL64 mink lung 
epithelial cells a novel Ryanodine receptor/Ca2+ channel 
has been isolated (RYR3). 

Induction of RYR3 mRNA is induced by TGF,B indepen-
dently of new protein synthesis but is apparently dependent 
on protein kinases sensitive to 2-aminopurine. RYR3 mRNA 
is expressed in many tissues and cell-lines, at variance with 
the restricted pattern of expression of other RYRs. Thus 
the RYR3 channel may participate together with the InsP3-
receptors in generating intracellular Ca2+ signals. RYR3 
expression has been recently observed, by in situ hybridiza-
tion, to be localized in specific areas of mouse brain. The 
sequence of the fUll-length cDNA of RYR3 (rv 16 kb) is being 
completed. A report on this receptor has been published 
(Giannini et al., 1992). 
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Our studies on the helix-loop-helix transcription factors and 
their role in inhibition of DNA synthesis and induction of 
differentiation are continuing. Transfection and microinjec-
tion experiments have shown that the E12, E47 and MyoDl 
coding for HLH motives can inhibit cell growth. The inhibi-
tion of cell growth is thus not linked to muscle differentia-
tion. 

The Id genes whose product can form heterodimers with 
these HLH proteins can, as revealed by co-microinjection or 
co-transfection, counteract the growth inhibition suggesting 
that the basic region in the HLH protein has an important 
role in inhibition of DNA synthesis. 

A more careful analysis of mutants of the E47 cDNA has 
demonstrated that two regions in this gene can inhibit cell 
growth. One corresponds to the HLH-basic (HB) motive, 
and the other to the N-terminal region which may contain 
the transcription activation domain. Only the inhibition of 
DNA synthesis by the HB domain and the wild-type protein 
can be counteracted by the Id gene following co-injection 
suggesting that the N-terminal domain is combining with 
another type of factor in the cell that might be involved in 
growth arrest. Since the Id genes are induced upon growth 
stimulation it is tempting to propose that genes similar to 
the HLH transcription factors are directly involved in growth 
arrest. 

Our in vitro studies on terminal differentiation and growth 
arrest might help to clarify some of the mechanisms gov-
erning growth arrest also in adult tissues as discussed in a 
recent review (Philipson & Sorrentino, 1992) about growth 
control of mammalian cells. 
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Cell biology of exo- and endocytosis 

Group leader: J. Tooze 

Scientist: SA Tooze 

Fellow: F. Barr, A. Dillie 

Visitors: S. Corbalan-Garcia, H. Kern, A. Leyte 

Assistants: M. Hollinshead, B. Stahl 

The group has continued to study various aspects of the 
exocytic pathway in PC12 and AtT20 neuroendocrine cells 
and in rat exocrine pancreas. We have also continued to 
characterize tubular early endosomes in a variety of stable 
cell-lines. The collaboration with the group of Prof. Wieland 
Huttner (Neurobiology Institute, University of Heidelberg) on 
facets of the regulated exocytic pathway in PC12 cells has 
been maintained. The scope of our collaboration with Prof. 
Horst Kern (Institute of Cell Biology and Cell Pathology, 
University of Marburg) has been extended to include work 
on tubular endosomes in addition to studies of regulated 
secretion from rat exocrine pancreas. An investigation of 
the involvement of tubular endosomes in the envelopment of 
progeny vaccinia virus and human cytomegalovirus particles 
has involved collaboration with both Prof. Horst Kern and 
Prof. K. Radsak (University of Marburg). 

Regulated exocytosis: secretory granule 
formation, maturation and release in PC12 cells 
(S. Tooze, B. Stahl, A. Dittie, F. Barr & A. Leyte) 

Secretory granules (SGs) are storage organelles which con-
tain a selected subset of membrane proteins and soluble 
molecules. SGs, bud from the trans-Golgi network (TGN) 
by a process which involves a selective aggregation of 
soluble components and segregation of the granule-specific 
components away from resident Golgi proteins and con-
stitutively secreted proteins (for review see Tooze et al., 
1992). The vesicle that forms from the TGN is an immature 
secretory granule (ISG). After budding ISGs undergo both 
spatial and physical changes within the cell: for example, 
they increase in size, and are translocated to the site of 
exocytosis. These changes which in part constitute the 
maturation process of the ISG to a mature secretory granule 
(MSG), reflect the functioning of molecules present on, or 

in the ISG membrane. Fusion of both ISGs and MSGs with 
the plasma membrane can occur when an external stimulus 
or secretagogue is applied to the cell, again reflecting the 
activity of molecules specific to the SG membrane, which 
results in the release of the SG content into the extracellular 
space. 

The research activities of our group have been focused on 
the post-TGN events in regulated secretion. In a continuing 
collaboration with Prof. W. Huttner (University of Heidel-
berg), Francis Barr and Anja Leyte continued to investi-
gate the role of heterotrimeric GTP-binding proteins in the 
budding of the ISGs from the TGN using an established 
cell free-system (Tooze & Huttner, 1990; Barr et al., 1991). 
They have found that at least two different heterotrimeric G-
proteins (members of the Gj and Gs family) regulate budding 
from the TGN (Leyte et al., 1992a, 1992b). Further work on 
the identification of the specific classes of G-proteins and 
the exact molecular mechanism involved in the regulation 
of budding from the TGN will be continued at the University 
of Heidelberg by the group of Prof. W. Huttner. 

The major focus of the group has been the ISG, in particular 
the processes involved in the maturation of the ISG, and the 
fusion of the ISG with the plasma membrane. The matura-
tion of the ISG involves an increase in the size of the ISG, by 
a mechanism which most likely involves fusion of ISG with 
ISG (Tooze et al., 1991; Tooze, 1991). Thus, the ISG can 
undergo two distinct fusion events, fusion with other ISGs 
and fusion with the plasma membrane. These two fusion 
events have distinct characteristics (Tooze & Stinchcombe 
1992), which implies that the ISGs have a specialized fusion 
machinery which can perform either homo- or heterotypic 
fusion events. Current experiments are being carried out 
with PC12 cells, and in cell-free systems derived from PC12 
cells, to investigate these two fusion events and to compare 
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PLATE 78 

Envelopment of vaccinia virus particles by endosomes. (A) is an 
electron micrograph of a naked intracellular virus particle acquiring 
its outer envelope in an infected AtT20 cell. (B) shows the same 
event in an AtT20 cell incubated with horseradish peroxidase (HRP) 
from 6 to 8 hours post infection and then fixed; the cisterna 
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that envelopes the virus particles contains HRP. (C) shows a low 
magnification field of another cell in the same preparation as that 
shown in B. In a large proportion of the progeny virus particles there 
is HRP in the lumen of their envelope. 



them with one of the best characterized membrane fusion 
events, that of the MSG with the plasma membrane. Two 
cell-free systems are being used: the first is currently being 
developed to look specifically at the ISG-ISG fusion, the 
second was developed by Hay and Martin (1992) to look at 
SG fusion with the plasma membrane. We have modified 
the latter assay to enable us to examine specifically the 
ISG and/or the MSG fusion with the plasma membrane. 
The characteristics and molecular requirements for each fu-
sion event, ISG-ISG, ISG-plasma membrane, MSG-plasma 
membrane, are currently being investigated with the aim to 
compare these components and determine how they are 
regulated by the cell. 

Responses of tubular endosomes to Brefeldin A 
(J. Tooze & M. Hollinshead) 

As mentioned briefly in last year's report we found that 
tubular early endosomes in AtT20 cells and HeLa cells 
have a changed distribution in cells that have been ex-
posed to Brefeldin A (BFA). Further investigations (Tooze 
& Hollinshead, 1992) showed that in the presence of BFA 
many of the discrete patches of tubular endosomal network 
are converted into very long tubes, aligned along micro-
tubules, that branch infrequently to form an open network 
extending from the cell periphery to the microtubule orga-
nizing centre (MTOC). At the MTOC the tubular endoso-
mal network becomes very dense. The evidence for the 
conclusion that in the presence of BFA virtually all the 
tubular endosomes are integrated into a single network is 
close to irrecusable. In addition to inducing this striking 
morphological change to the tubular endosomes, BFA alters 
their physiology such that they are able to concentrate the 
fluid phase endocytic tracer HRP. This we concluded from 
experiments in which concentrations of HRP that failed to 
result in labelling of tubular endosomes in control cells 
caused heavy labelling of the tubular endosomal network 
in BFA treated cells. 

We have previously characterized the late endosomes in 
AtT20 cells by extensive morphological and immunocyto-
chemical studies. We could detect no changes to either 
the morphology or the immunocytochemical profile of these 
organelles in cells incubated with BFA. Other groups using 
other cell types have reported that BFA induces tubulation of 
late endosomes/lysosomes and changes in the distribution 
of marker proteins of these compartments. In AtT20 cells 
BFA does not cause such changes to the late endosomes, 
from which we can conclude that the response of endocytic 
compartments to this drug varies between cell types, as 
does the response of the Golgi apparatus. 

Tubular endosomes and globular Golgi clusters 
(J. Tooze & M. Hollinshead) 

Using horse radish peroxidase (HRP), BSA-gold and 
transferrin-HRP as endocytic markers, we have examined 
the intracellular distribution of tubular endosomes as cells 
go through mitosis. Since during mitosis endocytosis is 
inhibited we have incubated cell cultures with endocytic 

tracer for periods ranging from 15 minutes to 3 hours and 
then, after preparing the cells for microscopy, searched for 
the few percent of mitotic cells in the population. As the 
length of incubation with HRP is increased so the propor-
tion of mitotic cells with labelled endosomes increases. In 
many cell types the tubular endosomes occur as patches 
of network at the periphery of the rounded-up mitotic cells 
(Plate 78) but tubular endosomal profiles also occur in the 
volume of the mitotic spindle. In mitotic HeLa cells the 
peripheral patches of tubular early endosomes were more 
tightly clustered than in many other cell types and their 
fine structure was indistinguishable from that of the globular 
Golgi clusters first described in mitotic HeLa cells by Lucocq 
et al. (1987). After 1 h-3h incubations with HRP to saturate 
the endosomal pathway of cells prior to their entry into 
mitosis, essentially all the structures with the morphology 
of globular Golgi clusters contained HRP reaction product. 
In the interphase cells in the same cultures we could not 
detect HRP in the cisternae of the Golgi stacks. The most 
straightforward interpretation of these observations is at the 
globular Golgi clusters and the clustered tubular endosomes 
in mitotic HeLa cells are one and the same compartment 
(Tooze & Hollinshead 1992). G. Warren and his colleagues 
(personal communication) have recently obtained further 
evidence that globular Golgi clusters contain Golgi marker 
proteins. A satisfactory explanation reconciling his and our 
observations has not yet, in our opinion, been provided. 

Tubular endosomes and the envelopment 
of cytomegalovirus and vaccinia virus 
(J. Tooze, M. Hollinshead, K. Radsak & H. Kern) 

Human cytomegalovirus (HCMV) (a herpes virus) and vac-
cinia virus (a pox virus) are unrelated, but their maturation 
pathways leading ultimately to the release of extracellular 
virus particles have steps in common. In both cases the 
developing virus particles acquire, in the region of the Golgi 
apparatus, a cisternal envelope, the outer membrane of 
which is destined to fuse with the plasma membrane to 
liberate the progeny virion from the host cell. Electron micro-
scopic studies have led to the conclusion that the cisternal 
envelope which wraps the developing virus particles is de-
rived from trans-Golgi elements. 

Our investigations of tubular early endosomes in the cells of 
a variety of stable lines have shown that they are invariably 
abundant close to the MTOC and the trans face of the 
Golgi stacks, the site of envelopment of HCMV and vaccinia 
virus. We therefore decided, in collaboration with Professors 
H. Kern and K. Radsak (University of Marburg), to label 
with HRP AtT20 cells and primary human foreskin fibroblast 
infected by vaccinia virus and primary fibroblasts infected 
by HCMV, to determine whether tubular endosomes were 
involved in the envelopment of progeny virus particles. The 
vaccinia virus infected cells were incubated with HRP for 1 h 
or 2h at various times between 4h and 17h post infection. 
The cells infected with HCMV were incubated with HRP for 
1 h or 2h at 72h or 96h post infection. We observed that 
many of the progeny virus particles had partial or complete 
envelopes, the lumen of which was filled with HRP reaction 
product. 
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In AtT20 cells and primary fibroblasts infected with vaccinia 
virus, but not in primary fibroblasts infected with HCMV, we 
observed HRP in some of the Golgi stacks and in reticular, 
or fenestrated compartments at the trans side of the Golgi 
apparatus. Vaccinia virus infection but not HCMV infection 
appears to perturb significantly the traffic between endo-
somes and the Golgi apparatus. The conclusion we draw 
from the experiments outlined above and a variety of control 
experiments is that at least some vaccinia virus and HCMV 
particles acquire their cisternal envelope from tubular early 
endosomes rather than trans-Golgi compartments. The mi-
crographs suggest that the tubular endosomes spread or 
flow around the surface of the developing virus particle. 
Given that the endoplasmic reticulum, the Golgi apparatus 
and the plasma membrane are all used by one class of virus 
or another to provide a viral envelope, it is not perhaps sur-
prising that some viruses have evolved to exploit endocytic 
membrane as a source of their envelopes. 
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Experimental elucidation of protein folding pathways 

Group leader: T. Creighton 

Scientists: N. Darby, J. Kemmink 

Fellows: J. Ewbank*, P. Morin, A. Zapun 

Assistants: L. Cooper, M. van Straaten 

The primary goal is to elucidate the basic principles of 
protein structure, in particular the physical basis for the 
stability of the folded state and how that state is attained 
by folding of the polypeptide chain during and after its 
biosynthesis. 

The BPTI folding pathway 

The protein folding pathway that is known in greatest detail 
is that of bovine pancreatic trypsin inhibitor (BPTI). It was 
elucidated by trapping the intermediates that accumulate 
kinetically during unfolding and refolding, using the unique 
properties of the interaction between pairs of Cys residues to 
form a disulphide bond. The intermediates with incomplete 
numbers of disulphide bonds, or with non-native disulphides, 
are thermodynamically unstable during folding, but they 
could be trapped in a stable form by blocking covalently 
all free thiol groups. Such trapped intermediates are suit-
able for structural analysis, and their conformations provide 
information to explain why the particular folding pathway 
is followed. The trapped intermediates, however, have the 
disadvantage of having bulky and ionized blocking groups 
on the cysteine residues not involved in disulphides. To 
avoid this problem, we prepared analogues of the interme-
diates by genetic engineering, replacing the Cys residues 
not involved in disulphide bonds by Ser. The engineered 
proteins differ from the normal intermediates during folding 
only in having certain sulphur atoms replaced by oxygens. 
Besides lacking the blocking groups, these analogues also 
have the advantages that they are more homogeneous 
than those isolated from a complex trapped folding mixture, 
that intermediates that accumulate to only low levels, but 
are kinetically important, can be prepared in substantial 
quantities, and that useful isotopes such as 15N and 13C 
can be incorporated. 

The conformational properties of analogues of all the major 
intermediates have been elucidated using various physical 
methods, especially two- and three-dimensional NMR tech-
niques. The information obtained thus far has considerably 
expanded our understanding of this protein folding pathway. 

The crucial one-disulphide intermediate, (30-51), has the 
major elements of native-like secondary structure relatively 
fixed, but with the remainder of the polypeptide chain dis-
ordered or flexible (Plate 79(A)). The flexible parts of this 
intermediate are the reason why it is able during folding 
to form readily any of the 5-14, 5-38, or 14-38 disulphide 
bonds, which does not disrupt the fixed conformation. The 
resulting two-disulphide intermediates have the conforma-
tional stability and flexibility to undergo the intramolecular 
disulphide rearrangements that are the slowest step in 
folding. The partly-folded conformation of this intermediate 
is unique amongst small proteins and demonstrates the 
power of the disulphide bond approach to dissecting protein 
folding. The dynamics of this partly folded protein have 
been characterized experimentally using NMR analysis of 
15N-labelled protein (Plate 79(B)). 

The kinetics of folding and disulphide bond formation in the 
reduced forms of the one- and two-disulphide analogues 
have been determined, to dissect further the folding path-
way and to provide microscopic rate constants for individ-
ual steps that previously were observed only as part of 
a composite step. All the available experimental data are 
consistent with the elucidated pathway and inconsistent with 
a revised pathway proposed by others. 

Non-random conformation in unfolded proteins 

Any non-random conformations predominating in the un-
folded protein under refolding conditions will affect the fold-
ing process. Indications of local non-random conformation 
have been observed in several unfolded proteins, and short 
peptides are most amenable for study of such interactions. 
One of the most stable of such local interactions has been 
identified in two peptides corresponding to segments of re-
duced BPTI, an apparently electrostatic interaction between 
the aromatic ring of Tyr, Phe or Trp residues at position; and 
the amide of residue ;+2 when it is Gly. The role of this in-
teraction in folding is being determined. The conformational 
properties of reduced BPTI and of peptide fragments are 
being characterized in detail by NMR analysis. 
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PLATE 79 

The partly-folded conformation of the intermediate in refolding of 
reduced BPTI with only the 30-51 disulphide bond. The schematic 
illustration in (A) depicts as dashed the unfolded (residues 1 to 
15) and very flexible (residues 37 to 42) segments of polypeptide 
chain. The remainder of the polypeptide chain is folded into a 
stable conformation similar to that it has in native BPTI, comprising 
the major elements of secondary structure interacting through the 
hydrophobic core of the molecule. The degree of order of the 
various residues of the polypeptide chain is expressed by the order 
parameter in (B), which was measured using the NMR dynamics of 
15N and 1 H atoms in the backbone -NH- groups. The lightly-stippled 
part of each bar is the standard error that is greater than the 
indicated mean value. (From C.P.M. van Mierlo et al., in press). 
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Protein folding during biosynthesis 

Proteins normally fold during or just after their biosynthesis, 
and the natural folding process needs to be elucidated. The 
unfolding and refolding studies carried out in vitro are meant 
to establish a framework with which to study the in vivo 
process. 

The gene for BPTI indicated that the protein is synthesized 
as a somewhat longer precursor, with a putative signal 
peptide for translocation into the endoplasmic reticulum (ER) 
and with further short extensions of unknown function at 
both ends of the mature polypeptide chain. In vitro transla-
tion systems have been used to verify the presence of the 
signal peptide and to identify the site at which it is removed. 
The protein that folds in vivo is probably the resulting 
precursor, without the signal peptide. This protein can be 
observed to fold in microsomes when the redox conditions 
are made appropriate for disulphide bond formation, and 
this process has been characterized. The folding process 
is greatly accelerated both in microsomes and in vitro by 
protein disulphide isomerase. No other factors appear to 
affect the folding of the protein. 

An Eco/i expression system to produce the precursor in 
substantial quantities has been devised and is being used 
to produce substantial quantities of the precursor. The struc-
ture and physical properties of the precursor have been 
determined by detailed NMR analysis. Its folding pathway 
in vitro is being compared to that of mature BPTI. Very few 
differences have been observed between the folding of the 
BPTI precursor and of mature BPTI. No functions have been 
uncovered for the extra residues at both ends of BPTI in the 
precursor. 

A major question concerns the mechanism of oxidation of 
cysteine thiols to disulphides in proteins in vivo. A protein 
required for efficient disulphide bond formation in secreted 
proteins in the Escherichia coli periplasm, designated DsbA, 
has been identified by J. Bardwell and J. Beckwith (Bardwell 
et al., 1991). We have characterized in detail the kinetics 
and equilibria of thiol-disulphide exchange between the pro-
tein and glutathione. The results demonstrate that DsbA is 
ideally suited to be the primary oxidant of protein thiols, 
using its disulphide bond to generate a disulphide bond 
in the target protein. The mechanism of generation of the 
disulphide bond in DsbA is being elucidated. 

The "molten globule" conformation of a-lactalbumin 

Most proteins that have been studied appear to adopt a 
"molten globule" (MG) conformation immediately after the 
unfolded protein is placed under refolding conditions, so 
it is this form of the unfolded protein that actually folds. 
This newly-recognized conformational state is also stable 
at equilibrium with certain proteins under certain conditions; 
it can, therefore, be studied in detail, but only a very vague 
description of the MG state can be given at the present time. 
It is much more compact than a fully unfolded protein, and it 
usually has a content of secondary structure similar to that 
of the native conformation. 

We have used the four disulphide bonds of a-lactalbumin 
(alA) to determine its pathway of unfolding and refolding 
and to characterize its MG state. Native alA binds a single 
Ca2+ ion, so the stability of the native conformation can be 
varied by varying the free Ca2+ concentration. With Ca2+ 
bound, two native disulphide bonds are reduced sequen-
tially, accompanied by a marked decrease in the stability 
of the native conformation and the affinity for Ca2+. After 
reduction of a third disulphide bond, the affinity for Ca2+ 
is negligible, and the fourth disulphide bond is then broken 
rapidly. When the native conformation is no longer stable, 
the protein adopts either the MG or unfolded conformations 
and in each case rapidly rearranges any disulphide bonds 
present. 

The native disulphide bonds stabilize the native conforma-
tion to a substantial extent, although not as much as in other 
proteins, but they have only a slight stabilizing effect on the 
MG state. This is consistent with the MG state being a very 
disordered state, more like a collapsed form of the unfolded 
state than an expanded form of the folded state. 

The MG state is believed to be the preferred conformational 
state of a protein binding to chaperones of the Hsp60 class, 
such as GroE. The alA system is ideal for investigating the 
effect of such chaperones on the conformational state of the 
protein and their functional roles in protein folding. 

Publications during the year 

Creighton, T.E. (1992). Proteins: Structures and Molecular 
Properties, second edition: W.H. Freeman, New York, Book 

Creighton, T.E. (ed.) (1992). Protein Folding: W.H. Free-
man, New York, Book 

Creighton, T.E. (1992). Folding and binding; editorial 
overview. Curro Opinion Struct. BioI., 2, 1-5 

Creighton, T.E. (1992). The disulfide folding pathway of 
BPTI. Science, 256,111-112 

Creighton, T.E. (1992). Protein folding pathways determined 
using disulphide bonds. BioEssays, 14, 195-199 

Creighton, T.E. (1992). Folding pathways determined using 
disulphide bonds. In Protein folding: ed. Creighton, T.E.; 
W.H. Freeman, New York, pp. 301-351 

Creighton, T. E. (1992). Protein folding: up the kinetic path-
way. Nature, 356,194-195 

Darby, N.J., van Mierlo, C.P.M., Scott, G.H.E., Neuhaus, D. 
& Creighton, T.E. (1992). Kinetic roles and conformational 
properties of the non-native two-disulphide intermediates in 
the refolding of bovine pancreatic trypsin inhibitor. J. Mol. 
BioI., 224, 905-911 

Ewbank, J.J. (1992). The conformational dependence 
of disulphide bond formation and reduction in alpha-
lactalbumin. Ph.D. Thesis, Cambridge University, England 
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Ewbank, J.J. & Creighton, T.E. (1992). Molecular chaper-
ones: protein folding by stages. Curro Bioi., 2, 347-349 

van Mierlo, C.P.M., Darby, N.J. & Creighton, T.E. (1992). 
The partially-folded conformation of the Cys30-Cys51 inter-
mediate in the disulfide folding pathway of bovine pancreatic 
trypsin inhibitor. Proc. Natl. Acad. Sci. USA, 89, 6775-6779 

Zapun, A., Creighton, T.E., Rowling, P.J.E. & Freedman, 
R.B. (1992). Folding in vitro of bovine pancreatic trypsin 
inhibitor in the presence of proteins of the endoplasmic 
reticulum. Proteins: Struct. Funct. Genet., 14,10-15 

Other reference 

Bardwell, J.CA, McGovern, K. & Beckwith, J. (1991). Cel/, 
67, 581-589 

van Mierlo, C.P.M., Darby, N.J., Keeler, J., Neuhaus, D. & 
Creighton, T.E. (1993). J. Mol. Bioi., in press 
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Mathematical physics of protein folding 

Scientist: D.J. Thomas 

Fellow: E. Rittger* 

Fourier-Hermite dynamical droplet model 

It is now commonly believed that a molten-globular state is 
likely to be a general kinetic intermediate in the folding of 
soluble globular proteins, even when such a state does not 
exist as a thermodynamically stable entity. NMR studies of 
some molten-globular states have revealed that the overall 
structure fluctuates about a mean which can be surprisingly 
close in structure to the final native fold. In such a case, 
it makes sense to try to find out what general (rather 
than specific) features of intramolecular interactions are 
dominating the fold. This led last year to a dynamical droplet 
model in which the protein chain was approximated by a 
Chebyshev polynomial curve loaded with structureless but 
properly weighted sidechains. The local density of matter 
was described with Hermite field functions. This model led 
to some interesting results, but it was clear that a more 
accurate description of the protein was required. 

We discovered in the middle of this year that if Fourier 
sequences are used to define bond rotation distributions in 
an explicit atom by atom model of the protein, in conjunction 
with Hermite field functions, then the necessary weighted 
integration over all conformations can be performed ana-
lytically. This combination thus provides a very powerful 
analytical tool to describe the formation and collapse of a 
molten-globule into the native fold of a protein. Appropri-
ate field functions to describe both hydrogen bonding and 
disulphide bridge formation are known already, but further 
work will be required to establish a suitable field to describe 
the so-called "excluded volume" which describes the im-
possibility of interpenetration of different atoms. The only 
known formula for the necessary rotational transformations 
is computationally too expensive to be practical for the study 
of large proteins, and further work is clearly required in this 
area, too. 

Entropies of rotors 

Much of the physics of protein folding depends on the 
correct calculation of entropies in the folding molecule. It 
is common knowledge that interactions with water (both 
hydrophobic and hydrophilic) provide one of the strongest 
forces favouring folding, but the changes in the entropies of 
sidechains as they pack more tightly to form the highly com-
pact native fold are also likely to be important. Commonly 
used approximations for the entropy may not be sufficiently 
accurate, because they are strongly model-dependent, so 
we have developed a quantum-mechanical formula appro-
priate for the sidechain rotors used in the droplet model de-
scribed above. Even here, approximations are unfortunately 
inevitable, and some further work must be done to establish 
the accuracy of our formula. 

NMR pulse sequence design 

In collaboration with Prof. Ray Freeman FRS (University of 
Cambridge, England), we have started a project to design 
band-limited pulse sequences with reduced sensitivity to 
radio-frequency field inhomogeneities for nuclear magnetic 
resonance spectroscopy. These pulses should be particu-
larly useful in multi-dimensional spectroscopy of biological 
macromolecules. 

Publications during the year 

Thomas, D.J. (1992). Modern equations of diffractometry: 
diffraction geometry. Acta Cryst., A48, 134-158 

Thomas, D.J. (1992). Concepts in protein folding. FEBS 
Lett., 307,10-13 

Thomas, D.J. (1993). Towards more reliable printed stereo. 
J. Mol. Graphics: in press 
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The Outstation at the DESY, Hamburg 

Head: K.S. Wilson 

Scientists: C. Betzel, Z. Dauter, J. Hendrix*, C. Hermes, M. Koch, Y. Maeda, H.-F. Nolting, G. Rapp, W. Rypniewski, Z. Sayers, A. Teplyakov, 
C.E. Vorgias 

Fellows: S. Eschenburg*, G. Evans, S. Fujita-Becker, M. Hennig*, V. Lamzin, L. Lee-Kluve, P. Loeffen, K. Maeda, P. Padas, M. Rappolt, 
T. Schneider, D. Svergun, G. Teplyakova, I. Tews 

Short-term visitors: F. Ahlers, J. Albertsson, A Antson, C. Ashley, A. Athanasiadis, B. Bade!, MA Bagni, H. Belhrali, C. Berthet, R. Bhikhabhai, 
A Bigi, C. Boulin, C. Bourgault, K. Brandenburg, J. Bravo, F. Briganti, G. BOldt, G. Cecchi, E. Cedergren, T. Ceska, A.-M. Clerc, AW. Coleman, 
A. Colotto, G. Davies, J.S. Davis, N. Dencher, R. Dominguez, M. Dosiere, A.-K. Dume, P. Dunten, E. Eriksson, M. d'Erme, U. Ermler, L. Essen, 
M.C. Feiters, W. Finckh, P. Fitzgerald, G. Fritzsch, P. Fromme, V. Fulop, A. Gabriel, M. Gajhede, N. Genov, L. Germeroth, J. Granzin, A. Gregers, 
P. Griffiths, N. Gustke, N. v. Hai, Y. Harada, K. Harlos, E. Harutyunyan, B. Hazes, J. Hendle, L.M. v.d. Heijdt, W. Hinrichs, G. HObner, E. Huizinga, 
M. Ingelmann, R. Jaenicke, M. Jaskolski, A. Johansson, Y. Jones, L. Kampmann, T. Keitel, C. Kisker, G. Klejwegt, T. Kobayashi, S. Konig, 
N. Krauss, P. Laggner, R. Lancaster, V. Malashkewitsh, E. Mandelkow, E.M. Mandelkow, S. Mangani, J. McDermott, C.F. Martens, A Marx, 
M. Merkel, P. Metcalf, W. Meyer, R. v. Montfort, A. MOiler, C. MOncke, V. Nastopoulos, J. Navaza, J. Newman, P. Norlund, H. Notbohm, 
H. Onishi, A Oppenheim, R. Pauptit, J. Pedersen, A. Perrakis, K. Petratos, R. Pettifer, R. Phillips, K.J.V. Poole, R. Prassl, M. Rizzi, A Rompel, 
N. Roveri, G. Rudenko, H.J. SaB, U. Sauer, T. Schirmer, H. Schindel in, E. Schlagenhauf, B. Schlesier, E. SchOnbrunn-Hanebeck, W.-D. Schubert, 
J. Skov-Pedersen, A Semenyuk, I. Serdyuk, J. Sevcik, L. Sieker, B. Siekmann, T. Singh, I. Sinnig, D. Somers, V-H. Song, G. Spraggon, 
B. Strandberg, D. Stock, S. Strelkov, D. Stuart, D. Suck, G. Stier, AM. Thunnissen, M. Thunnissen, W. Tremel, B. Trinczek, D. Tsernoglou, 
P. Tucker, T. Unge, B. Vainshtain, D. Villers, M. Vlassi, T. Wakabayashi, G. Wagner, B.C. Wang, S. Weissgraber, H. Wessner, K. Westesen, 
R. Wiesner, H. Winkler, J.S. Wray, E. Wolf, F. Zippel 

Assistants and engineers: P. Bendall, P. Brouillon, M. DauterO, T. Gehrmann, A. Kingswell*, R. Klaring, N. Kunst*, A Lentfer*, S. McLaughlin, 
A. Miegel, J. Pijpelink*, V. Renkwitz, B. Robrahn, H. Terry, M. Visanji 

During 1992 the DORIS ring performed considerably less 
well than we had hoped. There was a period of dedicated 
synchrotron time in April/May but conditions were too un-
stable to allocate time to all but a few visitors, who patiently 
waited for suitable radiation. The next four weeks of main 
user-time in October/November were considerably better, 
especially during the last 2-3 weeks, but within each period 
there were unfortunately times of instability of the source. 
There was almost no usable parasitic beam-time. Under 
these conditions we preferentially allocated beam-time to 
those projects which had already been started or to those 
which could make substantial progress towards completion 
in the limited time available. Despite these limitations we 
had over 100 visitors. 

We hope that DORIS will perform better in the coming year. 
We have not yet been informed as to next years schedule, 
but anticipate that the ring should run from spring/summer 
onwards. A call for new proposals for beam-time will only 
be made when we are more certain of the start-up dates. 
The priorities committee will at that time be reconvened. 

Instrumentation 
(J. Hendrix, C. Hermes, A. Lentfer & J. Pijpelink) 

In the middle of the year Jules Hendrix and Arno Lentfer 
finally left EMBL to continue the commercial production 
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of the imaging plate scanner which they developed in the 
Outstation. Jacob Pijpelink returned to Holland shortly after-
wards. Christoph Hermes, who has been head of the EXAFS 
group for several years, was subsequently appointed as 
group leader. 

Beam-lines 

In last year's report we outlined the plans for the construction 
of EMBL beam-lines in the new HASYLAB 5. There were 
some delays in the finishing of the building work. Never-
theless lines X11 for protein crystallography and X13 for 
small-angle scattering, which were previously in our own 
building, were reinstalled in their new positions on fan K. 
The foci of both lines have been improved by the division 
of the mirror into 12 rather than 6 segments. With very 
limited beam-time in 1992 the lines only became operational 
for users in the last beam period in November. Conditions 
improved greatly in the last part of this period and the 
excellent data we were able to collect suggests we should 
have routinely operating beam-lines again after the restart 
in spring/summer 1993. 

Construction of the new wiggler beam-line is proceeding 
under the guidance of Christoph Hermes. The wiggler itself 
is already in place. We hope to have the bent monochro-
mator station installed by mid-1993. The optics include a 



pre-mirror, a bent monochromator and a segmented mirror. 
Later the "straight-through" option will be added, giving rapid 
tunability of the wavelength as on X31, possibly allowing 
Laue work. This option requires substantially more develop-
ment than the bent monochromator line. 

In addition the workshop has continued to provide first 
class support for the existing beam-lines in HASYLAB: 
X31 (protein crystallography), EXAFS and X33 (small-angle 
scattering) . 

Protein crystallography (K.S. Wilson, Ch. Betzel, 
Z. Dauter, A. Teplyakov, W. Rypniewski, V. Lamzin, 
G. Teplyakova, S. Eschenburg, G. Evans, M. Hennig, 
T. Schneider, H. Terry & M. Visanji) 

Use of the beam-lines was restricted to two periods of main 
user-time. In the first period during April/May only X31, 
our lower intensity line, was in operation, while X11 was 
commissioned after the long shut-down. Conditions were 
poor in this period and only a few visitors used X31. During 
the second period of main user-time in November both 
X31 and X11 were operational. The first days of this time 
were again poor, but ring conditions were good in the last 
2-3 weeks allowing intensive use of the facilities for both 
in-house and visitors projects. 

Methods 

Three brief reports on advances in methodology imple-
mented during 1992 are presented here. 

Automated refinement procedure 
for protein crystallography 

This work was presented at the Florida Coast Meeting on 
"Direct Methods for Macromolecules" (Victor Lamzin and 
Keith Wilson). For structures at resolution lower than atomic, 
the application of direct methods or methods manipulating 
the electron density do not give sufficiently good phases to 
produce a density map showing essentially all the atoms 
of the structure. In addition conventional least-squares re-
finement does not provide an automatic way of proceeding 
to a final model and many iterations are required involving 
manual rebuilding using computer graphics. 

We have developed an automated refinement procedure 
(ARP) for proteins, which is comparable to the iterative least-
squares/Fourier synthesis approach for small molecules. In 
its present form it requires high (ideally 2.0 A or better) res-
olution data, and a starting protein model which has about 
75% of the atoms in roughly the correct position. In real time 
ARP is about 10 times faster than conventional refinement. 
ARP involves searching Fourier syntheses for removing 
atoms, for placing new atoms in roughly the correct position 
followed by least-squares optimization of their parameters. 
The refinement imposes atomicity and real protein structure. 
This is possible if the X-ray data extend to a resolution 
where atomic pOSitions can be estimated from the density 
map. An example of application to a bacterial trypsin is given 
below. 

Low temperature studies on (J -cyclodextrin 

In 1991 we purchased an Oxford Cryostream crystal cooling 
system. This was used during most of 1992 on our sealed 
tube source and a cabinet was built for maintaining a dry 
atmosphere around the crystal. This allows cooling without 
formation of ice at the sample for periods longer than 24 
hours. The system was tested on the beam-line at the end 
of 1992. 

We have used (J-cyclodextrin to gain experience with the 
system. Cyclodextrins are a family of torus-shaped macro-
cyclic oligosaccharides. Q:-, (J-, 1'-cyclodextrin contain 6, 7 
and 8 glucopyranose subunits respectively. The assignment 
of hydrogen bonding networks is most important in such 
systems. Up to now hydrogens in cyclodextrins could only 
be localized using neutron diffraction, which not only im-
poses experimental problems (deuteration, large crystals) 
but is also very time consuming (data collection times of 
several weeks). We wanted to establish whether cyclodex-
trins can be characterized with comparable accuracy with 
X-ray diffraction methods. This would dramatically reduce 
the experimental effort and substantially shorten data col-
lection times (less than one day). X-ray data were collected 
on (J-cyclodextrin at room temperature using synchrotron 
radiation (see last year's report) to 0.87 A resolution and at 
low temperature (150 K) using MoKe> radiation from a sealed 
tube to 0.91 A. The R-factor is 3.0% for the low and 3.2% for 
the room temperature structure. In both models, hydrogens 
that were established as fully occupied by neutron diffrac-
tion (W. Saenger & colleagues) could be clearly localized. 
Refinement is still in progress and we hope to find at least 
some of the partly occupied hydrogens. Plate 80 shows the 
electron density for a fully occupied hydrogen involved in an 
intramolecular hydrogen bond. 

PLATE 80 

Difference Fourier map showing an intramolecular hydrogen bond 
between 03 of glucose ring 4 and 02 of glucose ring 3 in 
,a-cyclodextrin in the 150 K structure. The density for the corre-
sponding hydroxyl-hydrogen is clearly visible. There is a flip-flop 
disorder of the H bond in the room temperature structure. 
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Atomic resolution data collection on proteins 

One of our major interests is the recording of accurate 
high resolution X-ray data to provide well-refined param-
eters and ideally to allow direct statistical solution of the 
phase problem. For typical direct methods programs this 
requires data extending to 1.0-1 .2 A. This allows full matrix 
least-squares refinement of atomic parameters, including 
anisotropic thermal factors, with no (or at least very weak) 
stereochemical restraints. In last years report we described 
the use of the imaging plate with synchrotron radiation for 
collecting data on several supramolecular structures such as 
cyclodextrins, vitamins and oligopeptides. We had also, with 
Larry Sieker (Seattle) and George Sheldrick (G6ttingen), 
refined rubredoxin from Desulfovibrio vulgaris at 0.92 A res-
olution. 

During 1992 data have been collected at approaching 
atomic resolution for 7 more projects (Table 5) either in-
house or by visitors. Refinement of each of these structures 
by stereochemically restrained least-squares minimization 
is already in hand and we expect the R-factors to fall to 
13-15%. We further plan to refine these structures using 
full matrix least-squares as implemented in the program 
SHELXL92 (George Sheldrick, G6ttingen) without the im-
position of an external restraints library and with anisotropic 
atomic temperature factors. These structures will be used to 
build an improved library of stereochemical parameters for 
less-well-diffracting proteins. For well-diffracting crystals of 
small proteins, up to about 20 kDa, it is clearly possible to 
collect and use atomic resolution data. 

Protein MW Cell 
(kDa) ( A3) 

,B-Cyclodextrin 1 10x15x20 

Rubredoxin 6 20x42x24 

Protein G 6 35x40x42 

BPTI 6 74x23x29 

ROP 6 47x38x32 

RNAse P1 10 31 x50x32 

RNAse Sa 10 65x77x39 

Bact. trypsin 20 40x51 x69 

Table 5 

In-house projects 

Refinement of two crystal forms of formate dehydro-
genase (with V.O. Popov & E.H. Harutyunyan (Moscow)) 

Bacterial NAD-dependent formate dehydrogenase (FDH) is 
a dimer. The apo and holo (ternary complex with NAD and 
azide) forms of FDH have been crystallized. X-ray data 
for apo (to 1.8 A) and holo FDH crystals (to 2.05 A) were 
collected on the X31 beam-line. Restrained refinement has 
been carried out and at the last stage the fixed hydrogen 
contribution was included in the model. For holo FDH the 
final R-factor is 11.7%. The r.m.s. error in the coordinates 
estimated from the O"A plot is 0.11 A. Only 391 residues in 
the A subunit and 383 residues in the B subunit are visible 
in the electron density. For apo FDH the final R-factor was 
14.8% at 1.80 A. The estimated r.m.s. error in the coordi-
nates is 0.18 A. The final model with 383 visible residues 
in each subunit consists of 5840 protein atoms, 854 water 
molecules and 2 sulphate anions. A ribbon diagram of holo 
and apo FDH is shown in Plate 81. 

Thermus flavus 5S rRNA (with VA Erdmann, 
S. Lorenz, E. Raderschall, J.P. FOrste, R. Bald & 
M. Zhang (Berlin)) 

Crystals suitable for X-ray analysis of domain A of Ther-
mus flavus 5S rRNA have been grown. From one crystal 
data were collected to 3.0 A resolution on a sealed tube. 
The space group was P43 or P41 with unit cell parame-
ters a=b=30.10 A and c=86.80 A. The packing parameter 

Cell content Resolution Status 
(kDa) ( A) 

2 0.85 Refined, R=3.0°1c 

12 0.9 Refined, R=7% 

24 1.1 Refined, R=19% 

24 1.08 Data 

24 1.08 Data 

20 1.08 Data 

80 1.2 Data 

80 1.1 Refined, R=13% 

Proteins for which data have been collected in EMBL Hamburg at "atomic" resolution. 
{3-cyclodextrin is included for comparison. Rubredoxin (with L. Sieker (Seattle) and G. Sheldrick 
(Gottingen)), bovine pancreatic trypsin inhibitor (BPTI) and bacterial trypsin (with S. Bran-
ner, Copenhagen) are in-house projects. Ribonuclease Sa is a collaboration with J. Sevcik 
(Bratislava) and ribonuclease P1 with K. Polyakov (Moscow). Protein G is being studied by D. 
Wigley (York) and J. Derrick (Leicester). Repressor of primer protein is being investigated by 
M. Vlassi and M. Kokkinidis (Iraklion). 
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PLATE 81 

A stereo ribbon diagram of the superim-
posed holo (thin lines) and apo (thick lines) 
forms of formate dehydrogenase. The dimer 
is shown. The large, central, domain is 
essentially the same in both forms. The 
smaller, outer, domains rotate relative to the 
large domains on NADH binding, closing 
the cleft between the domains around the 
cofactor. NADH is also shown. 

VM was 2.6A3/0alton. Structure solution was achieved by 
molecular replacement using the coordinates of the syn-
thetic RNA helix: [U(UA)6A12. The rotation function gave 
a clear solution for the orientation of the molecule. In the 
translation search the space group was shown to be P43 and 
gave an R-value of 41%. Preliminary refinement confirmed 
the correctness of this solution. Recently a second crystal 
was used to collect data to 2.3 A resolution on beam-line 
X11. The structure is shown in Plate 82. 

A 
PLATE 82 

The 58 RNA fragment. One RNA strand is shown in thin lines the 
other in thick. 

Superoxide dismutase 
(with S. Mangani (Siena) & P.Orioli (Florence)) 

Superoxide dismutase (SOD) catalyses the conversion of 
the toxic superoxide anion into hydrogen peroxide and 
molecular oxygen. The protein contains Cu++ and Zn++ ions. 
In the course of the reaction the copper ion is reduced. 
This study was undertaken to investigate the structure of the 
reduced form of the enzyme. Crystals of bovine SOD belong 
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(A) View down the helical axis. 
(8) View perpendicular to the axis with bound waters shown. 
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PLATE 83 

Stereo view of the coordination of 
the Cu and Zn atoms in reduced 
superoxide dismutase. ,,, ... ii 
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to space group P212121 with cell parameters a=47.66 A 
b=50.90A and c=147.42A, with a dimer in the asymmetric 
unit. The native, blue crystals containing Cu++ and Zn++ 
were soaked in the presence of the reducing agent dithio-
threitol and became colourless indicating a reduction of the 
copper ion. Data were collected from one crystal to a reso-
lution of 1.9 A. The R-factor is currently 16.5%. The active 
site does not show any large conformational changes upon 
reduction of the copper ion. The ion remains tetrahedrally 
coordinated by 4 histidine side chains. The coordination of 
the two metal sites is shown in Plate 83. An EPR study 
is under way to confirm that the copper ion in the protein 
crystals is indeed in the reduced state. 

Neocarzinostatin at 1.5 A resolution 
(with K. Kuromizu (Japan)) 

Neocarzinostatin (NCS) isolated from Streptomyces carzi-
nostaticus is a member of the macromolecular antitumour 
antibiotic family which also includes actinoxanthin and au-
romomycin. NCS has been clinically used for treatment of 
bladder and liver cancer. NCS consists of two components, 
a polypeptide of 113 amino-acids (apo-NCS) and a non-
protein chromophore (Chr). Much evidence has suggested 
that Chr is responsible for the biological activity of NCS while 

PLATE 84 

A stereo ribbon diagram of the fold 
of neocarzinostatin. 
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apo-NCS is essential for the stability and transport of Chr. 
We have determined the crystal structure of apo-NCS at 
1.5 A resolution by molecular replacement and refined it to 
an R-factor of 17.2%. NCS consists of two lobes separated 
by a deep cleft which is the putative Chr binding site, 
Plate 84. The V-shaped Chr binding site can be divided into 
three characteristic pockets. 

Proteinases 

The in-house programme on proteinases and their com-
plexes was actively pursued. 

THE STRUCTURE OF A NICKED FORM OF 
EGLIN C (with N. Genov (Sofia), J. Navaza 
(Paris) & H.-P. Schnebli (Basel)) 

Eglin C is a small thermostable protein isolated from the 
leech, Hirudo medicinalis, and is a potent serine proteinase 
inhibitor. Three-dimensional structures of its complexes with 
a number of proteinases are known. Eglin C for many years 
resisted attempts to crystallize it as the native inhibitor. 
Recently however the native structure has been published. 
We were trying to crystallize subtilisin DV, similar to subtilisin 
Carlsberg, with eglin C. The resulting crystals contained 
eglin without enzyme. Furthermore the eglin had been cut 



between residues 45 and 46, presumably a result of the 
subtilisin DY in the crystallization sample. The residues 
usually making up the inhibiting loop take up a quite different 
conformation in the nicked inhibitor (Plate 85). 

FUSARIUM OXYSPORUM TRYPSIN 
(with S. Branner (Copenhagen)) 

The enzyme from the fungus Fusarium oxysporum, is 
equally homologous to mammalian (43% identity to bovine) 
and to bacterial trypsins (45% identity to Streptomyces 
griseus). Numerous trypsins have been studied but the 

PLATE 85 

Stereo view of the ea positions of intact 
eglin taken from its complex with mesenteri-
copeptidase (thin lines) superimposed on 
the cleaved inhibitor (thick lines). Residues 
39 to 45 have a quite different conformation 
in nicked eglin, and the N-terminal residue 
moves slightly. The core of the protein re-
tains the same conformation as in the com-
plex. 

evolutionary relationship between the bacterial trypsins and 
those from higher organisms was not clear. Trypsin from 
Fusarium oxysporum is to date the only example from this 
class of organisms and it fills a gap in the evolutionary 
tree. Crystals were grown with the inhibitor diisopropylfluoro-
phosphate in space group P21. Data were collected from 
one crystal to a resolution of 1.55 A. The current R-factor 
is 16.3% for all data. A number of side chains show static 
disorder, with two alternative conformations. The inhibitor 
molecule bound in the active site of the enzyme is clearly 
visible. A representative region of the electron density is 
shown in Plate 86. 

PLATE 86 

The trypsin from Fusarium oxysporum. 

(A) The hydrogen bond between residue Asp111 and Arg147 with 
the electron density. 

(8) F.oxysporum (thick lines) superimposed onto bovine (thin 
lines) trypsin. 
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PLATE 87 

The polypeptide chain moves from the initial model during ARP. 
Left: initial model and initial density. Right: the same region with 
ARP density and both the ARP and initial models. ARP atoms are 

NATIVE AND INHIBITED FORMS OF A TRYPSIN-
LIKE PROTEINASE (with J. Mikkelsen & 
H. Bisgaard-Frantzen (Copenhagen)) 

We have determined the three-dimensional structure of a 
trypsin-like proteinase with 188 residues. Two isomorphous 
crystal types were obtained, native and PMSF inhibited 
enzyme, in space group P212121 with one molecule per 
asymmetric unit. The inhibited form was solved first at 
1.4 A by molecular replacement using a-lytic proteinase with 
196 residues and roughly 50% identity in primary structure. 
In spite of the clear solution for both rotation and translation 
functions the R-factor was close to 50%. The automated 
refinement procedure (ARP) described above was used. 
Each step of ARP consisted of 1 cycle of unrestrained 
refinement, followed by a rejection of the 1.0% worst atoms 
and addition of 1.5% new peaks. 50 cycles of ARP resulted 
in an R-factor of 18.9% with dramatic improvement in the 
density map. Plate 87 shows the region where the polypep-
tide chain moved about 4 A from the initial model. The final 
R factor was 12.4%. The model differs substantially from 
the one used for the molecular replacement with residues 
in surface loops moving up to 4 A. Recently X-ray data to 
1.12 A resolution for the inhibited protein were collected. The 
current R-factor is 13.2%. 1.4 A data were collected for the 
native enzyme and restrained refinement gave an R-factor 
of 13.0%. 

A SUBTILISIN STRUCTURE AT HIGH pH 
(with G. Lange (York)) 

Most crystallographic data on serine proteinases have been 
measured at pH 4-7 but not at pH 9-11, where the en-
zymes are active. We have determined the structure of two 
very similar savinase mutants at different pH (1) pH 10.5 
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connected according to protein interatomic distances. The (3Fo-
2Fc) electron densities are contoured 0.8 0" above mean density. 

where the protein is active and (2) pH 6.0, where activ-
ity has dropped to less than 20%. Crystals were grown 
at pH 6.0. Both mutants crystallized in P21 (a=41.8 A, 
b=70.1 A, c=40.8 A and ,8=111. q. For the analysis at high 
pH, we soaked a pH 6.0 crystal at pH 10.5. 1.6 A resolution 
data were collected for both mutants. The mutant at pH 6.0 
refined to an R-value of 14.2% and that at pH 10.5 to 14.6%. 
The structures are nearly identical with root mean square dif-
ference of 0.073 A for the main chain and 0.096 A including 
the side chains. Small but significant differences arise in the 
catalytic triad, based on a change in the protonation state 
of the histidine affecting the H bonding pattern, and in one 
of the substrate binding strands. 

COMPLEX OF PROTEINASE K WITH A SUBSTRATE 
ANALOGUE INHIBITOR (with K. Peters & S. Fittkau 
(Halle), T.P. Singh (New Delhi) & W. Saenger (Berlin)) 

Crystals were grown of the complex formed by proteinase K 
and the substrate analogue N-Ac-L-Pro-L-Ala-L-Pro-L-Phe-
D-Ala-L-Ala-NH2. The structure has been refined to an 
R-factor of 16.5% at 2.2 A resolution. The inhibitor forms 
a stable complex through a series of hydrogen bonds with 
protein atoms and water molecules. It has been hydrolysed 
between Phe 41 and D-Ala 51. The two fragments remain 
bound to the protein but are separated by a distance of 
3.07 A between the carbonyl carbon and the main chain 
nitrogen. The N-terminal fragment occupies subsites S5 to 
S1 whereas the C-terminal part is bound in S1' and S2', 
the first time that electron density for a substrate analogue 
has been observed in the "prime" sites of a subtilisin-like 
enzyme. The flexible segments of the substrate recognition 
site, residues 100-104 and 132-136, move appreciably to 
accommodate the inhibitor. 



Visitors projects 

In spite of the limited beam-time a number of groups were 
able to collect data. These included visitors from the Univer-
sity of Edmonton, EMBL Heidelberg, University of Uppsala, 
University of Siena, University of Copenhagen, University of 
York, Free University Berlin, Russian Academy of Sciences 
(Moscow), Academy of Sciences (Sofia), MPG Hamburg, 
MPI Frankfurt, EMBL Grenoble, University of Poznan, Hum-
boldt University (Berlin), University of Freiburg, University 
of Groningen, University of Stockholm, University of Ox-
ford, University of Pavia, IMBB Iraklion, Biocentre Basel, 
University of G6teborg, University of Aarhus, Academy of 
Science Bratislava and University of Glasgow. A report from 
the Glasgow group follows. 

DATA COLLECTION ON CRYSTALS OF THE LIGHT 
HARVESTING COMPLEX II FROM RHODOPSEUDO-
MONAS ACIDOPHILA (M. Thunnissen, G. McDermott, 
A. Freer, N. Isaacs & R. Cogdell (Glasgow}) 

The light harvesting complex (LHC) of Rhodopseudomonas 
acidophila, strain 100S0 consists of small pigment binding 
polypeptides a and {3 which bind bacteriochlorophylls and 
carotenoid pigments. From biochemical experiments it was 
concluded that the whole complex consists of 6 a/{3 pairs 
of polypeptides, 9 bacteriochlorophylls and 18 carotenoids. 
Each a/ {3 pair would bind 3 chlorophyll molecules. LHC crys-
tallizes in space group R32 with cell dimensions a=b=120 A 
and c=296 A. There is one complex in the asymmetric 
unit. The crystals diffract to between S A and 3.2 A using a 
rotating anode X-ray source. Several native and heavy atom 
derivative data have been collected on a SIEMENS area 
detector. Difference Pattersons could not be solved due to 
the limited resolution of the derivatives. In the first attempts 
for obtaining derivatives the crystal suffered from soaking in 
the artificial mother liquor and only low resolution (6.S-7 A) 
data could be obtained. During the year a protocol for 
heavy atom soaking was developed and gave a reproducible 
method for searching for derivatives. A second problem was 
a change in cell parameters between crystals from different 
batches of protein. 

To obtain good quality data a native and two heavy atom 
derivatives, (K2Hg14 and UO(CH3CO)2}, data sets were 
collected on the X11 beam-line. The crystals were all grown 
using material from the same batch. Data extended to be-
tween 3.3 A and 3.6 A resolution and had merging R-factors 
of S-8%. Differences in cell dimensions between the crystals 
were minimal. However during the scaling of the derivatives 
to the native it appeared that the isomorphous differences 
are very small (4.4 and S.1 %) and it was concluded that no 
heavy atoms were bound in these crystals. Nevertheless, 
the quality of these data and the fact that the crystals are 
indeed isomorphous within one purification batch are of im-
portance for the search for suitable heavy atom derivatives. 
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Biochemistry and molecular biology 
(C.E. Vorgias, A.J. Kingswell, P. Padas, 
M. Dauter, I. Tews, A. Perrakis & D. Sideris) 

Thermostability studies on DNA binding 
protein HU from Bacilli 

The proteins of thermophiles for which the tertiary struc-
tures have been determined do not use special interac-
tions in their folding. The limited comparisons carried out 
to date have often involved structures with considerable 
differences in primary sequence, making the interpretation 
of which bonds are significant in increasing thermostabil-
ity an awesome task. We are studying the structure of 
the DNA binding protein HU from the thermophile Bacillus 
stearothermophilus (Bst) and a closely related mesophile 
Bacillus globigii (Bgl). This is a good model system as the 
number of amino-acid differences is limited (eleven) and the 
three-dimensional (3D) structure of the thermophilic protein 
is known. The thermostability was determined by monitoring 
the secondary structure using circular dichroic spectroscopy 
(CD) - see last year's report. T m, the melting temperature, 
was defined as the temperature where 50% denaturation 
was reached. The thermostability was also measured by 
differential scanning calorimetry. The results were very close 
to those obtained by CD. 

We applied site-directed mutagenesis to study thermostabil-
ity. Firstly each of the individual point mutations was made 
in the Bst protein to make it like Bgl and the thermosta-
bility of the mutant measured. Several mutations showed 
no effect on thermostability: T13A (owhelix); A27S, S31T, 
T33L, A56S (Q2-helix) and M691 in the disordered arm. A 
common characteristic of these was only a small difference 
in side chain. The G15E mutation, which is located in the 
,8-turn between the Q1 and Q2 helix and introduces a C2 
aliphatic unit and a negative charge into the side chain, 
caused a substantial destabilization by 10" C. Reduction 
of the T m of each of the Bst HU mutants E34D, K38N 
and V421 was about 2_3" C. The first two mutations are 
located within the Q2-helix of the molecule. The mutations 
shorten the side chains and reduce intramolecular heli-
cal interactions. The V421 mutation in the ,81 strand lies 
close to the Q2 helix and appears to indirectly cause some 
destabilisation. The triple mutant Bst G15E!V421/E34D was 
then made, and reduced the thermostability roughly to the 
level of Bgl HU. G15 and V42 are located at the two 
ends of the main Q2 helix and E34 in the middle. The 
inverse mutations, E15G/142V/D34E, were then introduced 
into Bgl HU. The combination of the three point mutations 
increased the T m of Bgl HU by 22" C. These experiments 
suggest that among the eleven differences between the 
thermophilic and mesophilic HUs only three amino-acids are 
responsible for the thermostability of the former. Crystals 
of several mutants have been obtained which diffract to 
between 2 and 3 A. The determination of the structure 
of these thermostable and thermolabile proteins will show 
the intramolecular changes involved in their thermostabil-
ity. Surprisingly the combination of the "neutral" mutations 
S31T and T33L and A27S with E34D m=+6"C) shows 
a stabilizing effect, suggesting a significant rearrangement 
within this part of the molecule or perhaps an effect of this 



combination of mutations on the energy of the unfolded 
state of the protein. This mutant has also been crystal-
lized. 

Over-expression, purification and preliminary 
crystallographic data for the chitin degrading 
enzymes chitinase A and chitobiase from Serratia 
marcescens (with A.B. Oppenheim (Jerusalem)) 

Chitin is one of the major components of the cell wall in 
many fungal species and of the exoskeleton of arthropods. 
Chitin is degraded in two sequential steps. Firstly an en-
dochitinase randomly hydrolyzes the glycosidic linkages of 
chitin producing multimers of GlcNAc among which N,N'-
diacetylchitobiose is predominant. Secondly chitobiase con-
verts these multimers to GlcNAc. Although a lot of genetic 
studies have been carried out, there has been no signifi-
cant effort to elucidate the structure-function relationship of 
chitinases. 

The chiA gene, encoding the chitinase A protein 
(MW 64 kDa), was first isolated and cloned into the pBR322 
plasmid under the control of the A oLpL promoter. In 
a routine purification a 10 litre Eco/i culture was used. 
Chitinase A was over-produced after thermal induction of 
the cells at 42 0 C for 30 min. and further incubation at 
40 0 C for 7-9 h. Most of the over-produced chitinase A 
was secreted into the growth medium. The bacteria were 
removed with a low speed centrifugation. A purification pro-
cedure was developed using ion exchange and molecular 
exclusion chromatography. Purified protein was concen-
trated to 15 mg/ml. Up to 3 mg protein per litre culture 
can be isolated with more than 95% purity as judged by 
silver staining. Crystallization was carried out using hanging 
drop vapour diffusion. Thick plate crystals with dimensions 
1.0xO.8xO.1 mm were obtained. The crystals diffract up 
to 2.4 A using synchrotron radiation. The space group is 
C2221 with a=201.3 A, b=134.8 A and c=59.75 A. The V m 
was calculated to be 2.9 A3/kDa, with one molecule in the 
asymmetric unit. Native data have been collected to 3 A with 
a merging R-factor of 7.8%. 

The gene for chitobiase (MW 95 kDa) has been cloned. 
Eco/i cells harbouring the pCBII plasmid were grown at 
30 0 C where the chitobiase was constitutively expressed. 
The protein was localized in the periplasm of the Ecoli 
cells. The cells were resuspended in a hypertonic buffer, the 
cell wall digested with lysozyme and after a centrifugation 
the resulting supernatant contained the peri plasmic protein 
fraction. The supernatant was fractionated by ammonium 
sulphate and chitobiase precipitated between 60 and 80% 
saturated ammonium sulphate. The final purification step 
was an S-Sepharose CL-6B column at pH 8.0. The protein 
is more than 95% pure as shown by SDS-PAGE and silver 
staining. The optimum temperature of the purified chitobiase 
enzyme is 52 0 C, with optimum enzymatic activity between 
pH 7.5 and 8.5. Melting experiments using CD spectroscopy 
have shown that chitobiase is relatively stable with a T m of 
53 0 C, confirmed by differential scanning calorimetry. Denat-
uration occurs over a relatively broad peak suggesting sev-
eral partially folded intermediate states. Isoelectric focusing 
measurements gave a single peak at pH 7.1. 

Two crystal forms of chitobiase have been produced using 
the hanging drop method. The better form was obtained 
in ammonium sulphate using isopropanol as an additive 
in acetate buffer pH 5.5. The crystals reach a size of 
0.6xO.05xO.1 mm within a few days and diffract to better 
than 2.0 A. The space group is P212121 with a=87.8 A, 
b=99.6A and c=110.9A. Vm is 2.6A3/kDa. Native data 
have been collected to 2.0 A with a merging R-factor of 
9.2%. We are presently searching for heavy metal deriva-
tives for both proteins. 

Cloning of a poly(U),poly(C)-specific 
ribonuclease from Ceratitis capitata 

The mechanism of protein biosynthesis at the translational 
level is not yet fully understood. It is still unknown how the 
translation of individual mRNAs coding for certain proteins 
is regulated. A recent approach to this problem is to in-
vestigate the function of specific mRNA-degrading enzymes 
along this regulatory process. Several ribonucleases have 
been described which degrade specific RNA sequences 
and select a certain mRNA population. In the Biochemistry 
Laboratory of Athens University it has been possible to 
identify, purify and characterize a poly(U),poly(C)-specific 
ribonuclease from six-day old larvae of the insect Ceratitis 
capitata. Previously, a monoclonal antibody against this en-
zyme was prepared. The major problem is isolating enough 
protein. It is therefore necessary to over-express the gene. 
We have put a lot of effort into isolating several micrograms 
of protein to determine the sequence of several amino-acids. 
Preliminary results show that the N-terminus of the protein 
is blocked and therefore enzymatic digestion is necessary 
followed by isolation of the resulting peptides. These pep-
tides will be microsequenced and used to design synthetic 
oligonucleotide probes for screening cDNA(s) library(ies). 
In parallel the monoclonal antibody will be used to screen 
an expression library. Using both approaches we hope to 
isolate several DNA fragments, characterize them by DNA 
sequencing and, if necessary, use them to screen the cDNA 
library further to fish out the entire gene. 
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Vorgias, C.E. & Wilson, K.S. (1992). A rapid purification 
procedure of recombinant integration host factor from Ecoli. 
Prot. Over-Expr. Purif., 2, 317-320 
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EXAFS (C. Hermes, H.-F. Nolting & P. Loeffen) 

Instrumentation and programming 
(C. Hermes & H.-F. Nolting) 

The data acquisition system based on an IBM compatible 
personal computer (PC) was used successfully during. the 
entire beam-time. Additional flexibility, speed and ease of 
operation was added by the implementation of a peer-to-
peer PC network (Novell NetWare Lite). Thus one PC could 
be dedicated to data acquisition while any other PC in this 
local area network can be used for data reduction and 
evaluation simultaneously. The PC versions of the EMBL 
EXAFS evaluation software were upgraded and improved 
by a mouse-oriented graphical user interface (GUI). This is 
an important step for fast on-line evaluation of data. The first 
release of a program package (EXPROG) was distributed 
to the users during 1992. Up to now the package contains 
routines for primary data reduction, absolute energy cali-
bration, averaging/summing (in particular for multi-element 
detectors) and plotting. Furthermore at any stage data files 
in ASCII format can be created. For most of the projects 
throughout the year a 13-element SSD detector was used 
to collect spectra in fluorescence mode. We obtained good 
quality data from very dilute samples, which we could not 
have measured with our old set-up - certainly also because 
of the improved shielding against background radiation 
in the cryostat. However, from measurements performed 
specifically to clarify the detector response at high count 
rates, it is clear that we will have to apply dead time 
corrections even at relatively moderate rates. 

X-ray absorption spectroscopy of Cu thiolate 
compounds as models for yeast Cu metal/othionein 
(H.-F. Nolting, C. Hermes, Z. Sayers, P. Brouillon 
& M.H.J. Koch with T. Willuweit, R. Hauptmann & 
G. Henkel (Duisburg)) 

Metallothioneins are cysteine-rich proteins of low molecu-
lar weight, which bind a number of metals like mercury, 
gold, lead, zinc and copper. Although their function is not 
completely understood, they are believed to playa role in 
metal metabolism and detoxification. The coordination of 
copper in yeast metallothionein has already been the subject 
of previous EXAFS investigations. Since the results an? 
their interpretation are still a matter of debate, a recombI-
nant Cu-metallothionein from the yeast S.cerevisiae was 
investigated by X-ray absorption spectroscopy. According 
to a CUNe fitting analYSis each Cu is coordinated by three 
S atoms at 2.24 A. Furthermore, a short Cu-Cu interaction 
(2.69 A) and additional scatterers (possibly other Cu-Cu and 
Cu-S interactions) were obseNed. Since it was not possible 
to define the Cu-S cluster unambiguously, we performed 
measurements on a series of Cu-thiolate model compounds. 

The air-sensitive compounds were prepared in a glove box 
and low temperature (20 K) X-ray absorption measurements 
were performed in transmission. After calibration to abso-
lute energies the spectra were normalized to unit oscilla-
tor strength, Plate 88. Further evaluation of the data, in 
particular of the EXAFS region, is expected to provide the 
information needed for a definite characterisation of the type 
of Cu-S cluster(s) in metallothioneins. 
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Local dynamics and X-ray absorption spectra 
(PW. Loeffen) 

The aim of the study is to predict the temperature depen-
dence of EXAFS of zinc tetraimidazole-tetrafluoroborate (or 
-perchlorate), which are model compounds for some zinc 
enzymes. The case of imidazole scattering is of significance 
in that it is dominated by multiple scattering and thus sensi-
tive to components of the many-body correlation function 
beyond second order. Local variations in scattering path 
properties caused by thermal vibrations can be calculated 
in principle from a number of sources. The main source of 
information of this work via neutron inelastic scattering and 
normal mode analysis is nearing completion. The neutron 
work provides the most informative data from which mag-
nitudes of rigid body (imidazole ring) movements can be 
calculated and compared with TLS analysis of temperature 
dependent X-ray crystallographic data. The final stage, to 
be completed, is a comparison of EXAFS data with a full 
configurationally averaged EXAFS calculation. The input to 
the latter consists of both the static structure from X-ray 
crystallography and the dynamic structure, largely from the 
neutron work. 

Cd-EXAFS studies on the coordination behaviour 
of cadmium(l/) in plant cel/s (H. Strasdeit, A.-K. 
Duhme (Oldenburg), R. Kneer, M.H. Zenk (Munich) 
and C. Hermes & H.-F. Nolting) 

Plant cells produce small peptides, the phytochelatins (PC), 
to reduce the toxicity of heavy metal ions. With Cd2+ they 
form [Cdx-{PC)yf- oligomers. In a previous EXAFS study 
we demonstrated that these Cd-complexes contain isolated 
Cd(SCys)4 coordination units. However, the Cd2+ ions are 
believed to bind to other ligands in early and late stages 
of cadmium exposure. Therefore we studied the time de-
pendence of the Cd-coordination in cells of Rauvolfia ser-
pentina and Silene cucubalus. Low temperature EXAFS 
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X-ray absorption near edge spectra of Cu-metaliothionein from 
S.cerevisiae (1) and related Cu-thiolate model compounds: 
[CU12SC6H4(0-SiMe3h2] (2), [CuaSC6H2(iPrba] (3), (Et4N)[Cu5(S-
t-BU)6] (4), (Ph4P)21CU4(SPh)6] (5), (Ph4Pl2[Cu4(edtb] (6) and 
[Cu2(EDTB)](CI04l2 (7); energy-zero is at 8983.0 eV. 



measurements were carried out on Iyophilised plant cells 
harvested from suspension cultures at different times after 
Cd exposure. The preliminary results of the EXAFS analysis 
were: 

- After 1 h, the Cd environment consists of oxygen (ni-
trogen) and sulphur backscatterers. Obviously, some 
Cd2+ ions have already entered the cytoplasm where 
they coordinate to phytochelatins, while others are still 
in the cell wall (carboxylate coordination). 

- After 4 d, the first coordination shell is exclusively formed 
by sulphur atoms. However, the EXAFS data cannot be 
interpreted by assuming that [Cdx-(PC)yjZ- complexes 
are the only Cd species. A possible involvement of 
sulphide is currently under investigation. 

EXAFS studies on native cytochrome c oxidase 
from beef heart muscle tissue (S. WeiBgraber, 
A. Muller & G. Henkel (Duisburg), G.C.M. Steffens & 
G. Buse (Aachen) and H.-F. Nolting) 

Cytochrome c oxidase from beef heart is composed of 
12 different polypeptides of known amino-acid sequences 
and has a molecular mass of about 200 kDa. The enzyme 
catalyses the reaction of electrons from cytochrome c and 
of protons with molecular oxygen or water. The exact metal 
contents of cytochrome c oxidase has been a matter of 
debate. Previous EXAFS and EPR experiments as well as 
proposed reaction mechanisms have been discussed on 
the basis of two copper and two iron atoms per functional 
unit, whereas new preparations and analyses show that the 
enzyme contains three copper atoms besides haem a and 
a3· 
EXAFS measurements on frozen solutions of native cy-
tochrome c oxidase were performed on the K-edges of 
Cu, Fe and Zn. A first, tentative analysis of the nearest 
neighbour shell around the copper site strongly indicates 
the presence of sulphur besides nitrogen/oxygen atoms. 
Detailed bond length and coordination numbers will be 
derived from a least-squares fitting analysis in combination 
with Fourier filtering techniques. 

A novel iron protein (H. Winkler, W. Meyer, 
A.x. Trautwein (Lubeck), B.F. Matzanke (Tubingen) 
and H.-F. Nolting) 

It has been concluded from M6Bbauer spectroscopy that 
the main fraction of the intracellular iron in a series of 
microbial systems is associated with a novel component of 
iron metabolism. A sufficient amount of this novel compo-
nent (molecular weight 15-17 kDa) could be isolated from 
Escherichia coli for EXAFS studies. A six-fold coordination 
with light atoms was found (nitrogen/oxygen, no sulphur). A 
Fe-Fe distance smaller than 4.5 A can also be excluded. 

X-ray absorption spectroscopy of Cu in 
haemocyanins and of model compounds in different 
oxygenation- and conformational states (M.C. Feiters, 
C.F. Martens & R.J.M. Nolte (Nijmegen), B. Hazes & 
W.G.J. Hoi (Groningen) and H.-F. Nolting & C. Hermes) 

Limulus polyphemus oxyhaemocyanin was measured both 
in the presence of 3 M NaCI (T-state) and 1 mM HgCI2 

(R-state). The differences in the EXAFS of the two samples 
are subtle, and, at first sight, certainly do not suggest a 
contrast as strong as the presence (T -state) versus the 
absence (R-state) of Cu-Cu scattering. X-ray crystallo-
graphic data from oxy- and deoxyhaemocyanin predict a 
Cu-Cu distance of 3.5 A (EXAFS-"visible") and of 4.6 A 
(EXAFS-"invisible") respectively. The quality of data will al-
Iowa further, in-depth analysis, including multiple scattering 
simulations to carefully distinguish between imidazole and 
Cu contributions to higher shells. As model systems for 
reversible oxygen binding, the aza-crown ether derivatives 
with pyridine ligands were studied as frozen solutions in 
dichloromethane/acetonitrile. Surprisingly the di-Cu(l) com-
plex of the di-crown ether also shows unambiguous Cu-Cu 
backscattering with a distance, derived from single scatter-
ing simulation, of 4.3 A. This suggests that the deoxy di-
crown ether complex is pre-organized for dioxygen binding 
and activation. 

X-ray absorption spectroscopy of soybean 
/ipoxygenase-1 and iron-polyimidazolate model 
compounds (L.M. van der Heijdt, G.A. Veldink & 
J.F.G. Vliegenthart (Utrecht), S. Navaratnam (Wales), 
M.C. Feiters (Nijmegen), E. Mulliez & J.C. Chottard 
(Paris) and H.-F. Nolting & C. Hermes) 

Lipoxygenases catalyse the regio- and stereospecific dioxy-
genation of polyunsaturated fatty acids containing one 
or more 1 Z,4Z -pentadien systems to form fatty-acid hy-
droperoxides. In mammals, lipoxygenases are involved in 
the biosynthesis of physiologically active compounds, like 
leukotrienes and lioxins from arachidonic acid. In plants 
these enzymes might play a role in germination, in the 
production of growth regulatory substances or as possible 
anti-pathogens, and they are considered interesting models 
for their mammalian counterparts. From XAS investigations 
it was proposed that the Fe(lI) in the native enzyme is coor-
dinated by four histidines and two oxygens. The yellow Fe(lI) 
enzyme is formed upon addition of the product (13S-HPOD). 
As it has been suggested that a dissociating histidine might 
be the proton-abstracting base in the catalytic scheme of 
lipoxygenase, EXAFS data were collected on the anaerobi-
cally substrate-reduced Fe(ll) enzyme. Significant changes 
are observed in comparison to the native enzyme. Whether 
this can be interpreted in terms of a different number of 
coordinating histidines, however, remains to be classified. 
In addition, data were collected on both an aerobic and an 
anaerobic sample of native lipoxygenase in the presence 
of the competitive inhibitor oleic acid, an analogue of the 
natural substrate linoleic acid, to see whether conditional 
binding of oxygen occurs only after interaction with linoleic 
acid. 

XAS studies of 2,3 catechol dioxygenase 
from Pseudomonas putida (I. Bertini, F. Briganti & 
A. Scozzafava (Florence), S. Mangani (Siena) & 
H.-F. Nolting) 

Catechol 2,3 dioxygenase from Pseudomonas putida is an 
Fe(lI) enzyme which catalyses the extradiol cleavage of the 
aromatic ring of catechol and closely related compounds 
at position 2,3. The ring opening is followed by insertion 
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Fourier transforms of the k3-weighted EXAFS for 2,3 catechol 
dioxygenase from Pseudomonas putida; native (solid line) and 
inhibited by 2-chlorophenol (broken line). 
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of both atoms of molecular oxygen. Catechol 2,3 dioxy-
genase (MW=140,000) consists of four identical subunits 
each containing a single Fe2+ ion in the active site. The 
study of the catalytic mechanism of the enzyme has been 
hampered by the spectroscopic inaccessibility of the high 
spin Fe2+ ion. Furthermore, crystallographic studies of this 
enzyme are not yet available. As a consequence the na-
ture of the ligands and the geometry of the Fe(lI) site are 
still a matter of debate. EXAFS spectra were collected 
on frozen solution samples (20 K) of the native and of 
the 2-chlorophenol inhibited enzyme (Fe2+ concentration 
1.6 mM). The edge position remained unchanged between 
the two samples and only small differences appear between 
the edge shapes. The pre-edge feature indicates a five- or 
six-fold coordination of the iron atom. The Fourier transforms 
of the k3-weighted EXAFS (Plate 89) show the characteristic 
features of histidine ligation suggesting that (probably two) 
histidine residues are among the ligands of the ferrous ion. 
Furthermore, there are obvious changes upon the addition 
of 2-chlorophenol. The first shell amplitude seems to be 
slightly increased while the second peak at about 2.5 A is 
clearly enhanced. This suggests that the inhibitor is bound 
to the iron(II), thus increasing the coordination number. 

XAS studies on catechol oxidase from Lycopus 
europaeus and black poplar (A. Rompel, R. Kruth, 
B. Krebs, A. BrOmmer, D. Meiwes, H. Witzel 
(MOnster) and H.-F. Nolting) 

Catechol oxidases from Lycopus europaeus and black 
poplar catalyse selectively the oxidation of o-diphenols to 
o-quinones. These polyphenoloxidases contain a prosthetic 
group with two copper ions (type III copper, EPR silent) in 
their active sites. The primary goal was to find out whether 
there are differences between catechol oxidase and other 
type III copper enzymes like tyrosinase and haemocyanin 
to get a deeper understanding of the catalytic mechanism. 
XAS measurements were carried out on the native catechol 

218 

oxidases from Lycopus europaeus and from black poplar. 
Preliminary analysis indicates that the first shell in the 
enzyme from Lycopus europaeus consists of two nitrogen 
and two oxygen atoms. A Cu-Cu distance of about 3.0 A is 
observed. 

EXAFS measurements of bromo-labelled 
bacteriorhodopsin (H.J. Sass & G. BOldt 
(Berlin), A.D. Dencher (Berlin) and C. Hermes 
& H.-F Nolting) 

Bacteriorhodopsin (BR) is a protein in the purple membrane 
of Halobacterium salinarium. Its biochemistry and function 
as a light-driven proton pump has been investigated for 
many years. The key events during the photocycle are the 
deprotonation and reprotonation of the Schiff base linkage 
of the chromophore retinal after its photoisomerization. The 
structure of BR has been investigated by neutron scatter-
ing, X-ray diffraction and cryo-electron microscopy. This 
research resulted in a structural model of the protein with 
a resolution of 3.5 A in the plane of the membrane and 
5.5 A perpendicular to it. In addition, a movement of the 
retinal within the protein during the photocycle in accordance 
with its isomerisation as well as movements of the protein 
backbone were demonstrated. A detailed description of pro-
ton translocation and the related structural changes of the 
protein are still missing. In particular, the exact distances 
between the retinal and the nearest amino-acid residues 
and their variation during the photocycle are unknown. 

To tackle this problem we used purple membranes con-
taining BR regenerated with a retinal analogue (13-Br-BR). 
EXAFS data were collected at the Br absorption edge on 
bromo-labelled BR samples in the ground state and in the 
M intermediate state. There were obvious differences in the 
EXAFS spectra of the two samples. These differences may 
be analysed in terms of changes in distances between the 
bromine and atoms of amino-acid residues and in terms 
of changes of intra-chromophore distances due to the iso-
merisation. To separate these contributions, we performed 
further EXAFS measurements on all-trans 13-Br-retinal, 0-
bromobenzoic acid and 9-bromoanthracene. Further evalua-
tion of the data based on these model systems is expected 
to provide deeper insight in the structural changes, which 
are also reflected in higher shells. 

Publications during the year 

Heidt van der, L.M., Feiters, M.C., Navaratnam, S., Nolt-
ing, H.-F., Hermes, C., Veldink, GA & Vliegenthart, 
J.F.G. (1992). X-ray absorption spectroscopy of soybean 
lipoxygenase-1. Eur. J. Biochem., 207, 793-802 

Matzanke, B.F., Bill, E., Butzlaff, C., Trautwein, A.X., Win-
kler, H., Hermes, C., Nolting, H.-F., Barbieri, R. & Russo, 
U. (1992). Evidence of polynuclear aggregates of ferric 
daunomycin. Eur. J. Biochem., 207, 747-755 

Rokita, E., Hermes, C. & Nolting, H.-F. (1992). Zn-ligation in 
inorganic deposits in the wall of the human aorta determined 
with X-ray absorption spectroscopy. J. Trace Elem. Electrol. 
Health Dis., 6, 7-10 
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Strasdeit, H. (1992). Habilitation Thesis, University of Old-
enburg 

Muscle (Y. Maeda, G. Rapp, K. Maeda, L. Kluwe, 
S. Fujita-Becker, M. Rappolt, A. Miegel & N. Kunst) 

About half of the group, Yuichiro Maeda and his associates, 
will leave the institute at the end of January 1993. Therefore 
they concentrated on on-going projects and on publishing 
previous work. The rest of the group, Gert Rapp, Michael 
Rappolt and Nick Kunst, with the support of the instrumen-
tation group, brought beam-line X13 into operation again. 
Modifications are still necessary (i) to improve focusing and 
(ii) to reduce the instrumental background. Instrumentation 
for measuring simultaneously the small- and wide-angle 
diffraction pattern has been improved and allowed a series 
of new experiments. 

Crystallization of muscle proteins (A. Miegel, 
S. Fujita-Becker, L. Kluwe, K. Maeda & Y.Maeda) 

Our aims in this project are to obtain from individual or 
complexes of muscle proteins crystals suitable for X-ray 
crystallography. We have established expression systems 
in Ecoli and/or in baculovirus for muscle proteins, including 
tropomyosin, troponin subunits and in collaboration with 
K.C. Holmes's laboratory at the MPI Heidelberg the light and 
heavy chains of myosin (see Research Report 1991). Some 
of the previous work has been published this year (Wolber et 
al., 1992; Fujita et al., 1992; Miegel et al., 1992). An article 
in press (Sczakiel & Maeda, Methods in Enzym., 1993) 
describes a non-fusion expression vector with inducible PL 
promotor. Progress has been made this year in the following 
areas. 

A new crystal form of tropomyosin (with Z. Dauter 
(EMBL Hamburg) & K. Namba (Japan)) 

The new crystal form of tropomyosin was reported last 
year. This year mounting techniques have been improved 
so that crystals are stable for months in capillaries at room 
temperature and diffract X-rays at least to 3.8 A (Plate 90). 
The diffraction pattern is reminiscent of diffraction from an 

PLATE 90 

An oscillation photograph (2") from a tropomyosin crystal. The 
crystal c-axis is roughly horizontal. 

a-helical coiled-coil (Crick, 1953). Since all the molecules 
are roughly parallel to the c-axis of the crystal with a 
symmetry of P41212, reflections have substantial intensities 
only near the equator and in the area at a spacing of 5.2 A 
near the meridian. The pattern indicates that the molecules 
are not exactly parallel but tilted to the crystal axis by 
about 10" . Complete data from the native crystal have been 
recorded on imaging plates using synchrotron radiation and 
a rotating anode in Kyoto. 

Ecoli expression of mutant troponin I 

In our trials to crystallize the whole troponin complex, we 
found that intra- and inter-molecular disulphide bond forma-
tion of cysteine residues of troponin I is the most serious 
problem. At high protein concentration and room tempera-
ture, reducing agents would degrade too quickly for a crystal 
to grow. Therefore we prepared troponin I variants in which 
all or some of the three cysteine residues are replaced with 
other amino-acids. A cysteine-free mutant, troponin I (C48A; 
C64A; C133S) was expressed in Ecoli. It is indistinguish-
able from the wild-type in functional characteristics such as 
ability to inhibit actin-activated myosin ATPase and affinity 
for troponin C. The results suggest that cysteine residues 
are not essential for its function, and cysteine-free troponin I 
mutants can be used as an alternative to the wild-type. 

Crystallization of the whole troponin complex 

After establishing the Ecoli expression system of the 
25 kDa fragment of troponin T (Fujita et al., 1991, 1992), 
crystallization trials were undertaken using the complex 
assembled from troponin C and I, both prepared from rabbit 
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muscle, and troponin T 25 kDa fragment. Although we found 
a couple of crystallization conditions, the results were not 
reproducible. Apart from oxidation of cysteine residues of 
troponin I, isomers found in both troponin I and C prepa-
rations, as well as partial phosphorylation of troponin I 
are probably the causes for the poor reproducibility. We 
therefore expressed each subunit in E.coli. Purification pro-
cedures of each subunit were complemented with reverse 
phase HPLC to remove traces of proteolytic enzymes. The 
troponin complex was reassembled from the wild-type TnC, 
[Ala64, Ser13]Tnl mutant and the 25 kDa fragment TnT. This 
troponin complex crystallized under the same conditions as 
before. We are trying to obtain larger crystals suitable for 
X-ray diffraction. 

X-ray diffraction studies of muscle 

Some of the previous work has been published (Maeda et 
aI, 1992) or will be published soon. 

X-ray diffraction studies using single muscle 
fibres (P.J. Griffiths & C.C. Ashley (Oxford), 
G. Cecchi & M.A. Bagni (Florence) and Y. Maeda) 

Previously we developed the single muscle fibre preparation 
as a subject for time-resolved X-ray diffraction studies. This 
preparation allows precise measurement of muscle length 
and developed tension, whilst retaining structural and phys-
iological activation processes (unlike skinned fibres). We 
have already documented the time course and magnitude 
of equatorial intensity changes during isometric activation 
(Cecchi et al., 1991) and during isotonic shortening (Grif-
fiths et al., 1993), and described the time-resolved myosin 
lattice spacing changes accompanying development of axial 
tension (fa), indicating a radial force (fr) during activation 
(Cecchi et al., 1990). 

We have also examined the dependence of fr on fa in 
the rigor state, to establish whether axial and radial forces 
are simply components of the same fundamental force-
producing mechanism. Our findings suggest that in rigor 
either fr is independent of fa or radial stiffness becomes 
very large. Independence of fr on fa in the rigor state could 
indicate a loss of flexibility in the S1 cross-bridge compo-
nent, which is restored upon addition of ATP. Time-resolved 
lattice spacing changes of the Z reflexion (which arises from 
the square lattice of actin filaments close to the Z line) have 
been measured. The Z lattice always expands upon activa-
tion, even when the accompanying change in the myosin 
lattice is a compression. We have also studied the static 
patterns from fibres under different conditions, in particular 
skinned and intact patterns from the same fibre. We found 
that skinning caused a pronounced increase (>300%) in 
reflection intensities. This supports our previous findings 
in different tonicity media, where expansion of the lattice 
caused an increase in intensities which we proposed to be 
due to dilution of soluble scattering proteins in the myosin 
lattice (which would be lost during skinning). However, 
selective replacement of proteins (including parvalbumins, 
creatine kinase, bovine serum albumin and aldolase) have 
failed to restore completely the original reflexion intensities. 
We also found a large dependence of intensity on lattice 
spacing in skinned fibres, in contrast to previous studies. 

220 

This is of importance because diffraction patterns from 
skinned fibres at varying ionic strengths have been used 
as structural evidence for "weakly bound" cross-bridges, on 
the assumption of negligible effects of lattice spacing on 
intensities. 

Myosin 8-1 dissociation from muscle thin filaments 
measured by actin layer line intensity changes 
following flash photolysis of caged-ATP 
(K. Poole, R. Goody (Heidelberg) & G. Rapp) 

Changes in the intensities of the equatorial reflections can-
not be interpreted unequivocally as changes in the level of 
cross-bridge interaction with actin. Hitherto it has not been 
possible to measure the time course of intensity changes 
after photolytic release of ATP from caged ATP in the more 
informative actin parts of the pattern in skinned rabbit psoas 
fibres because of the weakness of the diffraction signals. 
However, by soaking extra myosin heads (S1) into the 
skinned fibres in the absence of ATP it is possible to produce 
an intensified rigor actin layer line pattern since the heads 
bind to the unoccupied sites on the thin filament. Starting 
from this pattern we have been able to measure the intensity 
changes of the (38.5 nmr1 actin 1 st layer line at 5 ms time 
resolution following the binding of ATP to the myosin head. 
The rates of equatorial change with and without added S1 
showed that the rate of ATP binding and structural change 
(presumed to be dissociation from actin) of added S1 heads 
or endogenous myosin are not distinguishable. More infor-
matively, the rate of disappearance of intensity from the 
1 st actin layer line appears to be as fast as the equatorial 
change and the extent of intensity loss confirms that we 
are looking at the process of cross-bridge detachment. This 
S1 loading experiment has been performed successfully at 
varying degrees of actin and myosin filament overlap, in-
cluding non-overlap, achieved by stretching the fibres in the 
relaxed state. At non-overlap the rabbit fibres basically offer 
a well-oriented actin filament system where any changes in 
the intensity of the actin layer line pattern must originate 
solely from the interaction with exogenous S1. This, there-
fore, should provide a useful system for assessing the actin 
binding mode and the nucleotide binding and detachment 
kinetics of modified heads such as genetically engineered 
myosin mutants which are now becoming available. 

Time-resolved X-ray diffraction studies on thermally 
induced contraction of rigor muscle (G. Rapp & 
J.S. Davis (USA)) 

Skeletal muscle fibres in the rigor state will contract and 
generate large amounts of tension when heated a few de-
grees above the normal working temperature of the muscle. 
It was also shown that the kinetics of tension generation in 
these rigor muscles following a temperature-jump of 5" at 
about 10" C above the physiological temperature is similar 
to that of active muscle, i.e. in the presence of ATP and 
Ca2+, and are remarkably similar in form. Evidence that the 
molecular events underlying tension generation might be 
of similar origin comes from experiments on sudden length 
changes of rigor and active muscle. It was shown that rigor 
fibres contracting at elevated temperatures generate typical 
T1 elasticity and T2 tension recovery profiles. 



In the first trial session during the "main user period" in 
April 1992 we monitored the equatorial reflections together 
with tension generation in contracting rigor fibres after a 
laser temperature-jump by time-resolved X-ray diffraction. 
To accumulate data with reasonable statistics ca. 50-100 
experiments have to be averaged. This requires a stable 
beam for at least 2 hours. Millisecond time-resolution was 
achieved on the strongest equatorial [1,0] and [1,1] reflec-
tions resp. using a one-dimensional delay-line type detector. 
Both the intensities of the reflections and their positions 
remain unchanged during thermally induced tension devel-
opment from the rigor state. To elucidate the mechanism 
of tension generation in rigor fibres in more detail we shall 
investigate the complete diffraction pattern. 

X-ray diffraction studies of lipid phase transitions 

Lipid bilayer curvature modulation by melittin 
depends on interface hydration (A. Colotto & 
P. Laggner (Graz) and M. Rappolt & G. Rapp) 

The study of non-bilayer structures formed by the interaction 
of toxic peptides - in particular of melittin, a 26 amino-acid 
peptide which constitutes the main component of bee venom 
- with phospholipid model membranes has been continued. 
The previous studies have shown that the structural effect 
of melittin on lipid systems is affected strongly by the nature 
of the glycerol backbone linkage in the lipid constituents. 
A cubic structure is formed in the liquid-crystalline state of 
the diether (OHPC) lipid systems, while only slight alteration 
in the bilayer structure occurs in the diester (OPPC) lipids. 
In binary mixtures of OPPC and OHPC, melittin interacts 
preferentially with the diether lipid leading to a lateral phase 
separation. These results are interpreted in terms of lipid 
miscibility, free energy of interaction, and the curvature 
inducing nature of melittin in bilayers. 

0.6 oC/min 

Considering the curvature modulatory nature of melittin ac-
tion on lipid structure, and the dependence of the curvature 
potential on water/lipid interface properties, we decided to 
alter the hydration conditions of the OPPC multilayers such 
as to change its bilayer stabilization balance in a way that 
makes its structural properties similar to those of its ether 
analogue. This has been done by adding ethanol to the 
system at a concentration which is known to lead to interdig-
itation of the lipids. The result was the formation of a melittin 
induced cubic structure for OPPC. The scattering pattern of 
the cubic structure induced on the ether lipid system and on 
the ester/EtOH one are qualitatively and quantitatively very 
similar, indicating that the cubic structures are the same. On 
the other hand, the melittin induced cubic phase appears at 
lower peptide contents for the ether lipid than for the ester 
analogue with EtOH. 

Small- and wide-angle diffraction during laser 
induced phase transition on dipalmitoylphosphatidyl-
choline (M. Rappolt, G. Rapp & P. Laggner (Graz) 

We have investigated the pre- and main-transition of di-
palmitoylphosphatidylcholine (OPPC) by recording simulta-
neously the small- and wide-angle reflections with two linear 
delay-line detectors. The transitions have been investigated 
both under near equilibrium with conductive heating at heat-
ing rates of OS C/min and under non-equilibrium condition 
using infra-red laser heating at 50 C/ms. The structural pa-
rameters, i.e. the long-range order of the bilayer-stacking 
and the short-range order of the lateral lipid chain packing, 
have been recorded with a 5 ms time resolution. For the 
measurements different types of sample holders have been 
tested. Heat and cool scans were carried out to compare 
those with the T-jump experiments. 

Plate 91 shows a series of small- and wide-angle diffraction 
patterns of the main-transition of OPPC during a heat scan 

PLATE 91 s [1/nm] 
Simultaneous small- and wide-angle diffraction on the main tran-
sition of DPPC at low scan rates of 0.6 0 C/min. Exposure time is 
5 s. 
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with a rate of 0.60 C/min. The small-angle region displays 
a continuous shift of the rippled phase into the liquid crys-
talline structure. As estimated the decrease of the strong 
(0.41 nmr1 peak in the wide-angle region due to the melt-
ing of the aliphatic chains coincides with changes in the 
small-angle region due to the transition from the rippled P /3' 
stacking to the lamellar La stack. The characterization of 
the rippled phase is more difficult than that of the lamellar 
structures. In T-jump experiments with a time resolution of 
5 ms no supplementary effect or further intermediate struc-
ture could be detected. This is in contrast to the pretransition 
of DPPC where short-lived intermediate structures have 
been detected under non-equilibrium conditions. These ex-
periments on the pretransition have been continued in the 
last beam-time and extended to measure simultaneously 
the small- and wide-angle reflections. Data evaluation is in 
progress. 

The study of phase transitions involving a bicontinuous 
cubic structure formed by a non-ionic surfactant in water 
(M. Clerc (Orsay), P. Laggner (Graz) & G. Rapp) 

Depending on the temperature the binary system 
C12(EO)6/water occurs in hexagonal, cubic, or lamellar 
phases with some epitaxial relationships: 

HEXAGONAL +--250 C-; CUBIC +--360 C-;LAMELLAR 
hex. director 
(100) planes 

+---t [111] direction of the cube 
+---t (211) planes +---t lamellar planes 

T-jumps from the hexagonal to the cubic phase show that 
the characteristic transition time is faster than 100 ms, 
which was the time-resolution of the experiments. This 
is in agreement with models proposed for this transition, 
which consider only local rearrangements between hexago-
nal cylinders. The lamellar to cubic transition appears to be 
not entirely reversible. At a cooling rate of about 100 C/min, a 
disordered state was observed at temperatures characteris-
tic for the cubic phase. Upon further cooling the well-known 
hexagonal phase appears at 250 C. Specific variations of the 
Bragg peak common in all three phases have to be analysed 
in more detail to assess whether there is evidence for the 
presence of intermediate structures. 

Simultaneous sma/!- and wide-angle X-ray diffraction 
with microsecond time resolution (G. Rapp & M. Koch) 

PLATE 92 

Experimental set up for simultaneous small- and 
wide-angle X-ray diffraction experiments using 
laser T-jump (8: sample, M: mirror for laser light 
to achieve homogeneous heating, Ie: ionization 
chamber to measure incident flux). 
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Polymers and colloidal systems often adopt structures with 
both long- and short-range order giving rise to X-ray re-
flections over a large angular range. For detailed structural 
analysis the information content of the whole reciprocal 
space has to be considered. For several reasons it is de-
sirable to collect the complete structural information in one 
experiment. With present X-ray cameras it is not possible for 
e.g. aqueous dispersions of lipids to monitor all reflections 
in the range (10 nmr1 :::;s:::;(0.3 nmr1 simultaneously using 
only one detector. 

With the set-up we are presenting we aim to combine 
aspects on flexibility in the angular range, high temporal and 
spatial resolution, high count rates, ease of handling and 
low budget. The system consists of the components used 
in single delay-line detector data acquisition system except 
that it comprises two delay-line type detectors connected 
electronically in series. In this arrangement the two detectors 
appear to the data acquisition system as a single delay-line 
with approximately double the length. A spatial resolution 
similar to that of a single detector system operating at 
512 channels is achieved by extending the range of the 
time-to-digital converter to 1024 channels. The scheme of 
the set-up is shown in Plate 92. The ultimate time-resolution 
of this system is in the order of 10-20 J.1s and is limited by the 
calibration channel unit. The number of subsequent expo-
sures is limited by the size of the memory. At 1024 channels 
per frame we are currently restricted to 64 frames. The 
system has been used at count-rates up to 250 kHz. 

Preliminary experiments using this data acquisition system 
to study laser temperature-jump induced phase transitions 
on phospholipids have been reported previously. With the 
improved conditions at DORIS (i.e. longer runs, more stable 
beam position) experiments of this type continued and a 
time resolution of 200 J.1s has been achieved on the main 
transition of dimyristoyl phosphatidylethanolamine. Analysis 
of these experiments is in progress. 
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Non-crystalline systems 
(M. Koch, Z. Sayers, D. Svergun & P. Brouillon) 

Most of the useful data which were collected during the 
last main-user period could, obviously, not be analysed 
in time for the present report. Several solution scattering 
projects, which are much more demanding in terms of beam 
and background stability, had to be postponed. As new 
instrumentation a VME transient digitizer (Hytec) linked to 
an IBM/PC was installed for time-resolved measurements 
and software is being written in collaboration with F. Golding 
(Lancaster). This system should be operational in the begin-
ning of next year. Further, a SUN workstation was installed 
for the development of modelling software. 

Purification of copper-metallothionein (Cu-MT) 
from yeast 

Work on the structure of the metal centre of recombinant 
yeast Cu-MT continued with the design and expression of 
a mutant protein in which two of the cysteines involved 
in the formation of the metal cluster were replaced by 
histidines. The modified protein was isolated from E.coli and 
biochemically characterized. It was shown to bind copper 
and have similar UV spectroscopic features to Cu-MT. The 
electrochemical properties appear to be altered as indicated 
by an increased mobility on native electrophoresis gels. The 
results are in press. Due to lack of adequate beam-time it 
was not possible to collect EXAFS data from the mutant 
protein. 

Mathematical methods 

A system to rapidly evaluate the shape of proteins from 
the Brookhaven Protein Data Bank using spherical har-
monics and a quasi-uniform angular grid generator based 
on Fibonacci numbers was developed. It allows the de-
scription of the shape of any protein or its domain at low 
resolution with a few numbers (multipole coefficients) and 
evaluation of particle structure parameters and scattering 
amplitudes (collaboration with Dr. A. Semenyuk, Inst. of 
Crystall., Moscow; algorithm for Fibonacci grid communi-
cated by G. Vriend, EMBL Heidelberg). Algorithms for eval-
uating small-angle scattering from a two-domain particle 
given the multi pole expansions of the domains were im-
plemented in the multivariant minimization program TWO-
BODY, which allows the analysis of the scattering from a 
complex particle in terms of the relative positions of its 
components. The method was used in the study of pyruvate 
decarboxylase and its application to multidomain enzymes 
is planned. 

The IBM-PC prototype of the graphics system PH for 
three-dimensional solid modelling which can now represent 
multiple solids at different resolution is being rewritten in 
the PHIGS+ standard (collaboration with Dr. V. Bekhterev, 
Inst. of Crystall., Moscow). The treatment of small-angle 
scattering using the Hermite polynomial expansion was im-
plemented in the program ORTOGNOM. Its performance is 
close to that of the well-known indirect methods but it allows 
the evaluation of the characteristic function of the system 
without a priori information about the range of particle 
sizes. 

The problem of proper estimation of propagating errors 
when using indirect methods of small-angle scattering data 
treatment was investigated. It was shown that, dealing with 
ill-posed problems, estimates of error propagation via the 
error matrix are not reliable. Even when the solution itself 
is properly stabilized, the elements of the error matrix can 
be noisy. A reliable way is to evaluate the solution without 
matrix inversion (e.g. QR-decomposition) followed by error 
estimation using Monte-Carlo techniques (collaboration with 
J. Skov Pedersen (Ris0, Denmark)). 

The new version (E4.0) of the indirect transform package 
GNOM covers polydisperse systems of long rods and of 
thin shells. These options are useful when studying, for in-
stance, DNA solutions or vesicular systems. A configuration 
file allows the user to select different degrees of dialogue 
from fully interactive to batch mode and on-line help was 
added. The package GNOM is now used in more than 30 
laboratories world-wide. The program RADDIS was written 
to estimate possible deviations from spherical symmetry in 
monodisperse systems. It was applied to the analysis of 
data from native and drug-loaded low density lipoproteins. 
Assuming a high degree of monodispersity it is found that 
both the lipid and protein components of the LDL parti-
cles significantly deviate from spherical symmetry. All the 
methods being developed are parts of an Expert System 
for small-angle scattering data analysis. Prototypes of the 
system are being developed in parallel on IBM-PC and the 
SUN SPARC-2 workstation. 
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Contrast variation study of the 50S subunit 
of the E.coli ribosome (D. Svergun & M. Koch 
with I. Serdyuk (Puschino) & J. Skov Pedersen (Ris0)) 

The aim is to combine X-ray synchrotron radiation and neu-
tron scattering data to reliably evaluate the shape scattering 
of the 50S subunit as well as the scattering of its compo-
nents (RNA and proteins) in solution. New methods of shape 
determination and positioning of components in complex 
particles are used to treat the data. Neutron solution scatter-
ing curves from protonated and deuterated 50S ribosomal 
subunits were recorded in different H20/D20 mixtures at 
Ris0 National Laboratory. The radius of gyration at infinite 
contrast is 78 A, in good agreement with previous studies. 
The samples were also measured with synchrotron radiation 
and the contrast with sucrose. The range of contrasts is 
much narrower than for the neutron measurements, but the 
data have been measured with point collimation and better 
statistics over approximately the same angular range as 
the neutron measurements. Preliminary estimates indicate a 
good correlation between the X-ray and neutron data which 
are now jointly being processed. 

Time-resolved X-ray diffraction on the structural 
changes associated with the photocycle of bacterio-
rhodopsin (G. BOldt (Berlin), N. Dencher (Berlin), 
D. Oesterhelt (Martinsried) and G. Rapp & M. Koch) 

During the last main-user period, time-resolved X-ray diffrac-
tion experiments on the structural changes during the pho-
tocycle of bacteriorhodopsin could be restarted, a definite 
sign of improvement of the conditions at DORIS. The new 
experimental arrangement shown in Plate 93 was tested. 
It makes it possible to simultaneously record the X-ray 
diffraction pattern and the optical spectrum in the range 
from 300 to 700 nm using a photodiode array spectrometer 
especially modified for this purpose. The maximum time 
resolution with this arrangement is 1 ms. Data with 20 ms 
time resolution were obtained on samples from the bacte-

PLATE 93 

Experimental arrangement for simultaneous 
time-resolved optical spectroscopy and X-
ray diffraction on bacteriorhodopsin mem-
brane stacks. The data acquisition system 
simultaneously controls the delay-line detec-
tor, the spectrometer, the probe light source, 
the flash lamp and a local shutter in front of 
the sample. One light guide (A) transmits the 
filtered light from a Xenon flash lamp to the 
sample, whereas the other two (B,C) allow 
the measurement of the optical transmission 
of the sample using a second (probe) light 
source. The wavelength range of the latter 
can be modified by inserting appropriate fil-
ters. 
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Data acquisition 
system. 

Delay line 
detector 

rio rhodopsin mutant D86N and from the Wild-type ET1001 
treated with guadinium hydrochloride to slow down the pho-
tocycle. 

Quaternary structure of yeast pyruvate 
decarboxylase (POC) (S. Konig, G. HObner, 
A. Schellenberger (Halle/S.) and D. Svergun 
& M. Koch) 

The influence of various effectors (pyruvamide, thiamine 
diphosphate and phosphate) on the dimer-tetramer equi-
librium were studied. The results suggest that pyruvamide 
induces a conformational transition in the tetramer and 
that the various effectors significantly shift the equilibrium 
thereby affecting the kinetic properties. Conditions were also 
found in which the formation of octamers as a result of radia-
tion damage could be avoided. The scattering curves of the 
dimers and tetramers were measured at higher resolution 
and the corresponding shapes were calculated. 

Molecular packing of fibrin 
(A. Bigi & N. Roveri (Bologna) & M. Koch) 

In coarse fibrin clots the chains are aggregated laterally to 
a considerable extent and bundles of polymers are cross-
linked whereas in fine clots the individual polymer strands 
are cross-linked. These differences in lateral aggregation 
seem to be responsible for the differences in stress relax-
ation measurements on coarse and fine films. Small-angle 
X-ray diffraction patterns have been recorded from both 
types of film submitted to different uniaxial elongation at 
different hydration. The results indicate a clear relationship 
between extent of molecular lateral aggregation and degree 
of crystal order of the molecular packing. The latter is 
less affected by hydration than by uniaxial stretching which 
induces not only a slight increase in the spacing of the half 
staggered overlapping molecular packing but also a gradual 
replacement of the original repeat of 22 nm by one of about 
30 nm. 
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Growth of apatite crystals on tendon collagen 
(A. Bigi & N. Roveri (Bologna) & M. Koch) 

Results obtained on turkey leg tendons submitted to in vitro 
calcification to follow the growth of the very first apatite 
crystals on collagen fibrils indicate that decalcified, as well 
as uncalcified tendons, are capable of nucleating apatite 
crystals from metastable solutions of calcium phosphate. 
Small-angle X-ray diffraction from these samples does not 
provide clear evidence for a relationship between apatite 
crystal growth and collagen molecular packing. The con-
centrations of the metastable solutions and the incubation 
times were changed taking into account the results of high-
angle diffraction. Part of the samples were also cross-linked 
with glutaraldehyde, which is known to favour mineraliza-
tion, before in vitro calcification. Preliminary analysis of the 
small-angle patterns recorded from these samples indicates 
slight variations in the relative intensity distribution of the 
meridional reflections which are more pronounced in the 
samples treated with glutaraldehyde, suggesting that in vitro 
calcification induces modifications of the electron density 
distribution inside the collagen axial spacing which are com-
patible with an ordered apatite crystal deposition in the gap 
region of collagen. 

Alterations of the collagen structure in 
Morbus Dupuytren tissue (H. Notbohm (Lubeck), 
A. Bigi & N. Roveri (Bologna) and M. Koch) 

There are numerous diseases of collagen or affecting col-
lagen. One of them, Morbus Dupuytren, gives rise to joint 
contracture due to diffuse fibre formation probably related to 
collagen ultrastructure alterations. As with most connective 
tissues other than tendon (Bigi & Roveri, 1991) the analysis 
of the very weak diffraction pattern of palmar aponeurosis 
is difficult, but better patterns are obtained from uni-axially 
stretched tissue. The new data confirm the differences in 
relative intensities of the diffraction maxima compared to 
normal tissue. The analysis of the axial electron density 
distribution combined with a biochemical analysis of the 
samples should allow to determine the alterations of col-
lagen molecular packing induced by Morbus Dupuytren. 

Thermotropic phase behaviour of rough 
mutant lipopolysaccharides (K. Brandenburg & 
U. Seydel (Borstel) and M. Koch) 

Diffraction measurements were extended to other rough mu-
tant lipopolysaccharides (LPS) from Salmonella minnesota 
strains R4, R7, Rz, R5, R345 and R50. It was found that LPS 
from these mutants have less tendency to form cubic struc-
tures than lipid A. In the gel phase complex superpositions 
of lamellar and probably also cubic phases are observed. 
At lower water content «50%) pure lamellar structures are 
found over the entire temperature range. 

Fourier-transform infra-red spectroscopy 
characterization of the lamellar and non-lamellar 
structures of lipopolysaccharides 
(K. Brandenburg & U. Seydel (Borstel) and M. Koch) 

The supramolecular structure of a lipopolysaccharide 
Re sample from Salmonella minnesota strain R595 was 

characterized by X-ray diffraction and in parallel by Fourier-
transform infra-red spectroscopy (FT-IR) over a wide range 
of temperature and Mg2+ concentration at 80% water con-
tent. Detailed correlations between the results of the two 
methods about the transitions between the lamellar, various 
cubic and hexagonal structures should be useful in inter-
preting the FT-IR data of similar samples. 

Characterization of aqueous dispersions of 
lipid nanocrystals (B. Siekmann & K. Westesen 
(Braunschweig) and M. Koch) 

Lipid nanoparticles are potential drug carriers obtained by 
emulsification of molten lipids in an aqueous phase using 
phospholipids, bile salts, tyloxapol and poloxamers as emul-
sifiers. Simultaneous small- and wide-angle diffraction were 
used to study the crystalline state of the particles in depen-
dance of the type of lipid and emulsifier, the mean particle 
size and the storage time as well as the melting behaviour of 
systems previously characterized by transmission electron 
microscopy, photon correlation spectroscopy and differential 
scanning calorimetry. Time-resolved measurements during 
temperature scans indicate significant differences in the 
recrystallization behaviour of the lipid nanodispersions and 
of bulk material. The results are in press in the International 
Journal of Pharmaceutics. 

Characterization of phospholipid stabilized 
oil-in-water emulsions (K. Westesen (Braunschweig), 
D. Svergun & M. Koch) 

A concentration series of small unilamellar vesicles (SUVs) 
was studied by small angle-scattering. Between 0.25 and 
3% phospholipids, the scattering of the SUVs was propor-
tional to the concentration of single bilayers. Other mea-
surements were made on centrifugation infranatants of the 
i.v. emulsions which still contained large numbers of small 
vesicles, but where the electron density contrast was sub-
stantially improved by the separation of the large emulsion 
droplets. The scattering curves of the infranatants exhibit 
the characteristic scattering of single phospholipid bilayers. 
Small-angle scattering data allow to detect the bilayer struc-
tures and to estimate their concentration independently of 
the amount of charged surface active components. 

Phase diagram of tyloxapol 
(K. Westesen (Braunschweig) and M. Koch) 

Tyloxapol is a non-ionic liquid polymer of the alkyl aryl 
polyether alcohol-type specified in the official monographs of 
the United States Pharmacopeia (USP). The substance has 
been widely used in pharmacy, predominantly as an additive 
and is described in the Merck Index as being freely soluble in 
water. Macroscopic and polarized microscopic observations 
indicated that tyloxapol does not dissolve rapidly in water 
but forms liquid crystalline phases in contact with water at 
room temperature and above. As no phase diagram is yet 
available, the phase behaviour of the binary tyloxapol/water 
mixtures was studied in the temperature range from 20° C 
to 55° C. X-ray diffraction and scattering were used to char-
acterize the liquid crystalline structures and the micellar 
systems. Measurements during temperature scans indicate 
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PLATE 94 

Results obtained with a prototype of a parallel read-out system for 
delay-line detectors. Left panel: punctual irradiation with 100 J.Lmm 
spot. The first two peaks from left to right are separated by 2 mm 

clear differences in the retransformation of the various liquid 
crystalline phases from their "melts" on cooling. 

Influence of drug-loading on the properties 
of human low density lipoproteins (A. Gerke & 
K. Westesen (Braunschweig) and D. Svergun & M. Koch) 

Human low density lipoproteins (LDL) are physiological ve-
hicles for hydrophobic lipids in the blood compartment and 
are able to leave the vascular system via receptor-mediated 
cellular uptake. For this reason they have been proposed 
as ideal carriers or even targeting devices for lipophilic 
drugs. Physicochemical properties of isolated human LDL 
and LDLs loaded with various anticancer drugs were com-
pared. Chemical analysis revealed that drug-loading did not 
result in basic differences in the qualitative and quantitative 
chemical composition. Beside X-ray scattering, the samples 
were characterized by 1H, 19F and 31P NMR measure-
ments. X-ray scattering indicates particle sizes in the range 
found in the literature and structural changes between 20° C 
and 31' C for drug-free LDL and LDLs loaded with an adri-
amycin derivative or vincristin. In contrast, loading with an 
N-mustard derivative results in a marked perturbation of the 
LDL structure already at 20° C. 

Dynamic behaviour of microtubules 
(E. Mandelkow, E.-M. Mandelkow & 
A. Marx (MPI Hamburg)) 

Microtubules are often very dynamic, i.e. they switch be-
tween phases of growth and shrinkage. They are covered 
with microtubule-associated proteins (MAPs) which regulate 
the stability and interact with other cell components. Two 
questions are currently of special interest. What determines 
the dynamic behaviour of microtubules, in particular, how 
are MAPs or their post-translational modifications involved 
in this? Secondly, how do MAPs interact with themselves 
and with microtubules? These problems can be addressed 
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and the remaining ones by 1 mm. Right panel: homogeneous 
irradiation with an X-ray source. 
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by monitoring the assembly of microtubules using time-
resolved X-ray scattering and varying the type of MAPs, their 
state of phosphorylation and other parameters. Interactions 
between microtubules such as the formation of bundles can 
be studied by X-ray scattering at very low angles. These 
experiments are complemented by other methods such as 
electron or video microscopy. 

There is an enormous difference between MAPs with re-
gard to their capability of regulating the spacing between 
microtubules. Using site-directed mutagenesis, it is being 
attempted to determine which domain of the microtubule-
associated proteins tau, MAP2 and MAP2c are responsible 
for this effect. Using again a variety of engineered MAPs the 
dynamic properties of microtubules such as rate of growth, 
shrinkage and the character of oscillations in microtubule 
assembly which the "catastrophe" of disassembly and the 
"rescue" back to the growth phase. In general, the rates 
observed in vitro are broadly comparable to those obtained 
in a cellular environment. Details concerning aspects of this 
project can be found in some recent publications of this 
group (Mandelkow & Mandelkow, 1992; Marx et al., 1993). 

For several solution scattering experiments preliminary tests 
only could be made: aspartate amino transferase (Kochkina 
et al., Moscow), immunoglobulins (R. Kayushina, Moscow), 
chicken erythrocyte chromatin (M. d'Erme, Rome) and car-
rageenan (H. Reynaers, Leuven). During parasitic time the 
changes in the small- and wide-angle scattering of two 
synthetic polymers, PEEK and PE, were simultaneously 
recorded (M. Dosiere and D. Villers, Mons). 

The prototype for a parallel read-out system for delay-line 
detectors using space-time-space conversion was built in 
collaboration with Florent Cipriani and Andre Gabriel (EMBL 
Outstation Grenoble) to investigate the feasibility of the 
approach. The principle of the method which uses two 
back-to-back delay-lines can be found elsewhere (Gabriel & 
Koch, 1992). In the prototype, the second delay-line consists 



of elements of coaxial cable with a comparator and memory 
at each node between successive elements. The sixteen 
elements used for the prototype correspond to about 4 mm 
length on the detector. The line has pitch of 1.2 ns/mm so 
that the pulses are separated by 2.4 ns/mm. The output 
was connected to a multichannel analyser with one channel 
corresponding to one element of the delay-line on which 
the read-out takes place. Plate 94A illustrates the results 
obtained by irradiating the detector with a 100 J.Lm beam 
successively at four points. The resolution corresponds to 
0.33 mm/channel as expected from the characteristics of 
the delay-line and of the electronic system. The results of 
a homogeneous irradiation are shown in Plate 94B. The 
causes of the non-linearities in the homogeneous irradiation 
are well understood and the remedies known. The prototype 
proves the feasibility of the approach which circumvents 
the major limitation of traditional delay-line read-outs i.e. 
their inability to cope with simultaneous events. Obviously, 
a complete system based on this principle would require a 
much higher integration as can be obtained by ASICs, for 
instance. 
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The Outstation at the ILL, Grenoble 

Introduction 

Following the signing of the Memorandum of Understanding 
by the respective Councils of the EMBL and the European 
Synchrotron Radiation Facility (ESRF), the Outstation will 
become more involved in the development of synchrotron 
radiation facilities for biologists. At present this mainly 
concerns the Diffraction Instrumentation Group, which is 
undergoing rapid expansion. Members of this group are 
engaged, in collaboration with ESRF scientists, in design 
of instrumentation for two of the beamlines to be used 
for biology. These are BL 19, a bending magnet beamline 
for multi-wavelength anomalous dispersion (MAD) mea-
surements on protein crystals, and BL4, a high intensity 
undulator beam line for measurements on weakly diffract-
ing crystals especially those with large unit cells. At the 
ESRF itself, it has been a successful and exciting year 
with the commissioning of the ring being completed. EMBL 
scientists have been involved in some of the early test 
measurements on the three first beam lines being installed. 
At the end of 1992, the go ahead was given for the start 
of construction of the extension to the Outstation build-
ing. By the second half of 1994 this will provide a further 
540 m2 of space primarily for the expanded instrumentation 
group and for new biochemical facilities for future ESRF 
visitors. 
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The in-house research at the Outstation has also made 
significant progress. Thanks to the collaboration between 
the Protein Biosynthesis Group, the Crystallography Group 
and our two long-term visitors from Kiev we have moved 
considerably nearer to understanding the structural basis of 
substrate recognition and catalysis in the seryl-tRNA syn-
thetase system. A highlight has been the determination of 
the structure of the seryl-tRNA synthetase-tRNASer complex 
structure which shows how the long helical arms of the syn-
thetase recognise specific features of the tRNA, in particular 
the unique long variable arm of tRNASer s. With the aim of 
developing new projects for structural studies, biochemical 
effort has been put into the study of new RNA-protein 
systems such as the tRNA nucleotidyl-transferase (CCA-
transferase), polyA polymerase and the influenza virus nu-
cleoprotein. 

An interesting initiative of the Outstation was to organise 
a meeting called "48 hours of structural biology", held in 
October 1992 in which members of all Grenoble laboratories 
interested in structural biology were invited to give short 
talks. This was a great success and has already led to some 
fruitful local collaborations which have already yielded very 
useful results as described in the following research reports. 



Crystallography group 

Group leader: S. Cusack 

Scientists: C. Berthet-Colominas, E. DiCapua, M. Fujinaga 

Fellows: V. Biou, H. Belrhali, W. Burmeister, T. Thuene 

Visitors: C. Cohen-Addad, S. Curry*, J. Fonticella, M. Harel, E. Pebay, S. Penel*, J. Sussmann, 
P. Timmins, M. Tukalo*, T. Ulrich*, W. Welte, A. Yaremchuk* 

Assistants: J.-M. Bois, D. Pognant, J. Sedita. 

Structural studies of seryl-tRNA synthetase (SerRS) 

Significant progress has been made this year towards the 
goal of understanding the structural basis of the specificity of 
seryl-tRNA synthetase for its three substrates, ATP, serine 
and tRNASer s and the enzymatic mechanism for the two 
steps of the reaction required for the aminoacylation of 
tRNA. This has only been possible through close collab-
oration with members of the protein biosynthesis group and 
also through the particularly fruitful work of our two long-term 
visitors from the Institute of Molecular Biology and Genetics 
in Kiev (and their colleagues in Kiev). 

Structure of the seryl-tRNA synthetase 
gene from Thermus thermophilus and 
its expression in Escherichia coli 
(M.Tukalo & A.Yaremchuk) 

To permit refinement of the crystal structure of SerRS from 
Thermus thermophilus (see below) we have cloned the re-
spective structural genes from two strains of the bacterium, 
Tu 2a and Tu 2b. The latter strain has been shown to 
correspond to the DSM T.thermophilus HB8 sample (see 
1991 report), whereas the crystal structure is of the former. 

The 50 N-terminal residues of purified SerRS from 
T.thermophilus were determined as well as the sequence 
of certain peptide fragments obtained by cleavage of the 
protein by trypsin. The N-terminal sequence was used to 
define two oligonucleotides consistent with the codon usage 
in T.thermophilus. These two oligonucleotides were used 
in the polymerase chain reaction to obtain a single DNA 
fragment of 166 bp which was could then be used as 
a probe for Southern blot hybridization to T.thermophilus 
chromosomal DNA. Full-length BamH1 fragments of the two 
strains of T.thermophilus were cloned into the EcoR1 site 
of plasmid pUC19 and the complete DNA sequence was 
determined on both strands. In both strains the open reading 
frame of the serS gene contained 1263 bp, from which 

the sequence of 421 amino-acid residues comprising the 
subunit of T.thermophilus SerRS was deduced. There are 
only 7 differences between the two strains Tu 2a and Tu 2b. 
The amino-acid sequences of these two T.thermophilus 
enzymes are 37% identical to the seryl-tRNA synthetase 
from Ecoli and 25% identical to that of yeast. However as 
expected, the three sequence motifs identified in class 2 
aminoacyl-tRNA synthetases as well as other residues ex-
posed in the active site are highly conserved. 

To obtain large amounts of T.thermophilus SerRS for further 
studies as well as to permit site-directed mutagnesis, the 
serS gene was cloned into Ecoli using the expression 
vector pET5a. A heat-treated extract of Ecoli cells carrying 
plasmid with the T.thermophilus serS gene contained active 
synthetase but with a gel mobility slightly lower mobility than 
that corresponding to wild-type T.thermophilus SerRS. This 
is under further investigation. 

Structural refinement of the seryl-tRNA 
synthetase from Thermus thermophilus 
and molecular dynamics studies of thermal 
stability (M. Fujinaga) 

The determination of the amino-acid sequence of the seryl-
tRNA synthetase from Thermus thermophilus (see above) 
has allowed completion of the refinement of its crystal 
structure. Previously, the structure had been refined at 
2.5 A resolution to an R-factor of 28% with side chains 
assigned according to the electron density. Using the real 
amino-acid sequence the final refined model now consists 
of two independent chains of 421 amino-acids each and 
190 water molecules, giving an R-factor of 18% to 2.5 A 
resolution. The overall r.m.s. coordinate error is estimated to 
be 0.35 A. A loop near the active site, around residue 260, 
is disordered and cannot be seen in the electron density 
map. The corresponding loop in the Ecoli enzyme is also 
disordered. The helical arm is also relatively mobile and 
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though the main chain trace is clear, many of the side chains 
are disordered. 

Having the structures of the corresponding enzyme from an 
extreme thermophile and a mesophile, it is of interest to 
see the structural differences that make one protein ther-
mostable and the other thermolabile. As was evident before 
the amino-acid sequence became available, the structure of 
the synthetase from T.thermophilus closely resemble that 
from E.coli. There is 37% sequence identity between the 
two enzymes and their three-dimensional structures could 
be superposed with an r.m.s. deviation of 1.5 A for the 357 
residues considered equivalent. Various mechanisms have 
been proposed for making a protein more thermostable. 
None of these seem to satisfactorily explain the increased 
thermostability of the SerRS from T.thermophilus. There are 
no significant differences in the hydrophobic and hydrophilic 
surface areas. Nor are there differences in the nature of 
the buried residues. There are no differences in the surface 
area, volume, or surface area to volume ratio. Differences 
in the amino-acid composition or sequence changes are 
difficult to analyse due to the large variability in comparing 
two enzymes from two different species. 

It had been observed, using amide hydrogen exchange or 
fluorescence quenching, that enzymes from thermophilic 
organisms are less flexible than their counterparts from 
mesophiles. To see if this difference in the flexibility could be 
observed in the structures of the SerRS, molecular dynam-
ics simulations were performed on them. In each case, the 
dimer with the crystallographic water molecules were simu-
lated in vacuo using the simulation package, GROMOS. The 
model was allowed to relax first with 100 steps of steepest 
descent minimization. Then molecular dynamics was started 
at 300 K and allowed to equilibrate for 20 picoseconds and 
trajectory was analysed for the next 1 0 picoseconds. As 
an additional test of the method, the same protocol was 
applied also to the structures of glyceraldehyde phosphate 
dehydrogenase (GAPDH) from Bacillus stearothermophilus 
and from lobster (Homarus americanus) available from the 
Protein Databank. Plate 95 shows the frequency distribution 
of the fluctuation of the a-carbon atoms. It clearly shows 
the greater rigidity of the enzyme from the thermophilic 
organism as compared to the molecule from the mesophile. 
In addition, the order of the major peak position on the 
fluctuation axis of the four enzymes corresponds to the 
optimal growth temperatures of the four organisms. This 
ordering may be fortuitous and still needs to be tested using 
other enzymes. 

Currently, putative thermostable mutants of the E.coli syn-
thetase are being designed by performing molecular dynam-
ics simulation to see if a molecule with reduced flexibility can 
be constructed. When such a molecule can be created, the 
real mutagenesis will be done and its stability and reactivity 
characterized. So far, mutants with only a small and perhaps 
insignificant reduction in flexibility have been made. It may 
be all that one can expect from a small number of mutations. 
It is likely that the stability of a thermostable enzyme comes 
from many small interactions and it is not advantageous 
for the organism to rely on just a few key interactions to 
maintain the stability of its enzymes. 
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PLATE 95 

The frequency distributions of the fluctuations of the a-carbon 
during a molecular dynamics simulation. Each curve has been nor-
malized to give an area of one. For each enzyme, the molecule from 
the thermophile is shown to be more rigid. In addition, the ordering 
of the flexibility corresponds to the optimal growth temperature of 
each organism. 
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Structure of the seryl·tRNA synthetase·ATP 
complex from Thermus thermophilus 
(C. 8erthet-Colominas, H. 8elrhali, A. Yaremchuk 
& S. Cusack) 

Whereas it has never been possible to observe ATP and/or 
serine bound in the active site of the E.coli SerRS, probably 
due to crystal contacts subtly distorting the active site, ATP 
or ATP analogues can be readily soaked into and observed 
in crystals of SerRS from T.thermophilus. The structure 
of the ATP complex has been refined to 3 A resolution 
enabling the general mode of binding in the active site to be 
determined. The ATP is bound in the part of the active site 
pocket formed by the class 2 synthetase conserved motifs 2 
and 3 (Plate 96). Of the specific interactions, most are with 

PLATE 96 

Orientation of the ATP with respect to the conserved class 2 motifs 
2 and 3 in seryl-tRNA synthetase. 



conserved residues of motif 2 on either side of the flexible 
loop L2, which is presumed to bind specifically to the accep-
tor stem in class 2 synthetases. The triphosphate is aligned 
roughly parallel to the .B-strand A5 from motif 3 (Plate 96), 
although the .B and phosphates have reduced occupancy. 
The adenine ring of the ATP stacks with the universally 
conserved phenylalanine (Phe-275 in the T.thermophilus 
enzyme) and the N6 amino group of the adenine makes 
hydrogen bonds to both Glu-260 (which is either a glutamate 
or aspartate in all class 2 synthetases) and the main-chain 
carbonyl-oxygen of Val-274; these latter interactions might 
be responsible for the discrimination in favour of ATP and 
against GTP. Arg-258 (also nearly fully conserved in class 2 
synthetases) interacts with the a-phosphate of ATP as 
does Lys-277 which is fully conserved amongst all known 
seryl-tRNA synthetases but not conserved in other class 2 
synthetases. 

Structure of seryl-tRNA synthetase 
complexed with a seryl-adenylate 
analogue (H. Belrhali & S. Cusack) 

Crystallographic measurements at the LURE synchrotron at 
2.7 A resolution on a crystal of SerRS from T.thermophilus 
soaked for 24 hours with 10 mM ATP and 20 mM L,D-serine 
hydroxamate have given the first indication of the serine 
binding site in SerRS. The crystallographic results indicate 
that the enzyme can act on ATP and serine hydroxamate 
(which is normally regarded as a competitive inhibitor of 
SerRS) to form an analogue of the normal intermediate, 
seryl-adenylate. This surprising result has been confirmed 
biochemically by Kjeld Larsen (see p. 239) who has shown 

that in the case of the E.coli enzyme, a stable intermediate 
of AMP and serine hydroxamate is formed that is distinct 
from seryl-adenylate. However the exact chemical nature of 
the phosphate-serine linkage in this species is yet to be de-
termined. The crystallographic results seem to favour how-
ever a compound of the form Ade-PaO-NH-CO-CHR-NH3+, 
where R is the serine side chain (the normal seryl-adenylate 
is Ade-PaO-CO-CHR-NH3+). The specific interactions of the 
serine moiety of this molecule with the synthetase active 
site residues are chemically very reasonable and show for 
the first time in a class 2 synthetase which residues are 
involved in recognizing the common and distinct parts of 
an amino-acid. Also the structure gives important clues to 
the origin of the synergistic binding of ATP and serine as 
observed in the kinetic experiments of Kjeld Larsen (see p. 
239). To further this work, a collaboration has been started 
with the group of Brian Sproat (EMBL Heidelberg) to syn-
thesize the very stable compound 5'O-[N-(L-seryl)-sulfamoyl 
adenosine, Ade-SaNH-CO-CHR-NH3+. The corresponding 
alanyl-compound was first synthesized and shown to be an 
inhibitor of alanyl-tRNA synthetase by Ueda et al. (1991). 

Crystallization of complexes of seryl-tRNA 
synthetase and tRNASer from T.thermophilus 
(A. Yaremchuk) 

Two new crystal forms, designated Form III and Form IV, of 
the T.thermophilus complex have been obtained with char-
acteristics summarized in Table 6. Also given for comparison 
are the characteristics of the E.coli complex crystals grown 
by Steven Price and Reuben Leberman (see below). 

Table 6 

Characteristics of crystals of the of 
seryl-tRNA synthetase with tRNA er 

Thermus thermophilus E.coli 

FORM-III FORM-IV 

Protein: tRNA Stoichiometry 1: 2.5 1: 1.5 1: 2.2 

Isoacceptor tRNAser 1,2 tRNNer2 tRNNer2 

Precipitant Ammonium sulphate Ammonium sulphate Ammonium sulphate 

Reservoir concentration 32% 32% 45 - 50% 

Crystal class space-group Monoclinic C2 Orthorhombic P212121 Orthorhombic C2221 

Unit cell dimensions a=211.6 a=124.5 a=129.3 
b=126.8.B =132.4° b=128.9 b=164.8 
c=197.1 c=121.2 c=127.7 

Contents 2 synthetase dimers synthetase dimer synthetase monomer 
assymmetric unit 4 tRNA 1 tRNA 1 tRNA 

Molecular weight (daltons) 296,000 121,000 78,400 

% Solvent 66% 71% 75% 

Vm (A3/dalton) 3.2 3.9 4.3 

Diffraction limit 3.5A 2.8A 4.oA 

Status of structure Map at 4.oA Refined to R-factor of Map at 4.oA 
22% at 2.9 A resolution tRNA clear 
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Structure of the complex of seryl-tRNA 
synthetase and tRNASer from T.thermophilus 
at 2.9 A resolution (V. Biou, C. Berthet-Colominas 
& S. Cusack) 

A single Form IV complex crystal was used to obtain 
a data set to 2.9 A resolution (41675 unique reflections, 
95% complete, Rmerge 6.4%) using the wiggler beamline 
W32 at LURE (wavelength 0.986 A, Mar-Research image-
plate detector). The refined 2.5 A structure of the native 
T.thermophilus SerRS (see above) was used to solve the 
molecular replacement problem in a straigtforward way. 
Using phases derived only from the globular part of the 
protein, an electron density map was calculated which im-
mediately revealed good density for about 50% of a single 
tRNA molecule bound to the synthetase dimer. This is 
consistent with the fact that crystal contacts prevent the 
binding of a second tRNA molecule. Using an initial model 
of tRNA1 Ser from T.thermophilus kindly built by E. Westhof 
(IBMC, Strasbourg), the structure has now been refined 
firstly using the rigid-body refinement option of XPLOR to 
position correctly the various parts of the tRNA and the 
helical arm of the synthetase and then using a series of 
cycles of XPLOR positional refinement and manual model 
correction using "0". In the final model, only 55 out of the 90 
nucleotides of the tRNA are visible in the electron density 
map. The missing parts are the entire anticodon stem and 
loop (which apparently would make no molecular contacts), 
the extreme end of the long variable loop and the acceptor 
stem. The latter means that we have no information on 
the recognition of the acceptor stem of the tRNA nor on 
the entry of the 3' end into the active site. In addition the 
synthetase helical arm not in contact with the tRNA molecule 
is also absent from the electron density map; it again would 
apparently make no molecular contacts in the crystal. Since 
the crystals actually contain tRNA2Ser, whose sequence is 
not yet known, a number of nucleotide changes from the 
initial model had to be made. The current R-factor is 21.3% 
with reasonable geometry. 

The following points can be made about the complex struc-
ture. (a) The tRNA binds across the two subunits of the 
dimer. Only the acceptor end down to base-pair 5-68 is in 
contact with the active site domain of one subunit, the rest 
of the tRNA makes contact with the other subunit. This is 
the first time this has been observed in a synthetase-tRNA 
complex and demonstrates the absolute necessity for a 
dimeric molecule. (b) The anticodon stem and loop is not 
in contact with the synthetase. (c) Upon interaction with 
tRNA, the long helical arm of the synthetase is fixed in 
an orientation different from those previously observed in 
non-complexed synthetase structures. This suggests that 
the arm is freely hinged and only takes up a fixed orien-
tation when constrained by crystal contacts or by binding 
to tRNA. Apart from this, the protein structure undergoes 
no large conformational change. (d) The helical arm of the 
synthetase passes between the long variable arm and the 
T'l1C loop of the tRNA, contacts mainly being between 
polar residues from both helices and phosphate groups 
(Plate 97). Contacts on the variable arm extend from the 
second base-pair out to the fifth base-pair, indicating the 
importance of at least this length of the extra arm for 
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PLATE 97 

Schematic diagram of the complex between seryl-tRNA synthetase 
and tRNA2Ser from T.thermophilus as determined from Form 4 
crystals. 

synthetase recognition. (e) The only base-specific contacts 
are made by Gln-45 (in the middle of the first long helix in 
the T.thermophilus synthetase) to the fourth base-pair of the 
long variable arm which in all known bacterial tRNA Ser S is a 
G-C or C-G. In addition the end of the helical arm makes a 
hydrophobic platform against which the base-pair G19-C56 
packs. This interaction, although significant, is not specific, 
since this base-pair is conserved in all tRNAs and plays the 
important role of pinning together the O-Ioop and T-Ioop. In 
conclusion, recognition by SerRS is of the unique shape of 
the tRNASer rather than through base specificity. 

Crystal structure of the E.coli seryl-tRNA 
synthetase-tRNA2Ser complex (S. Cusack, 
C. Berthet-Colominas, V. Biou, S. Price & 
R. Leberman) 

Orthorhombic crystals of the E.eoli synthetase complex with 
tRNA2Ser have been grown by Steven Price (see protein 
biosynthesis group report and table above). The 
diffract anisotropically to about 3.5-4 A in the directions 
a and c and only about 4.0-4.5 A in the b direction. A 
striking feature of the diffraction patterns is the extremely in-
tense diffuse scattering. Nevertheless, using data collected 



at the LURE synchrotron, the structure has been solved 
to 4 A resolution using phase information from molecular 
replacement of the protein part, a mercury heavy atom 
derivative and solvent flattening. The final map, in which 
no tRNA model has been used to derive phase information 
(except very indirectly via the envelope procedure), the 
almost complete backbone trace of the tRNA is visible. 
However the resolution is not sufficiently good to build an 
accurate atomic model. Nevertheless the general features of 
the synthetase-tRNA recognition are clearly very similar to 
those in the T.thermophilus case (see above). As expected, 
the anticodon stem and loop are not in contact with the 
protein. This is consistent with several results showing that 
the anticodon is not important for synthetase recognition 
in the seryl-system. Indeed in the crystals, two anticodon 
loops from two tRNA molecules related by a crystallographic 
2-fold axis are in contact. A strong possibility (consistent 
with the low resolution electron density) is that the first 
two bases of the anticodon CGA form base-pairs with the 
self-complimentary bases of the second tRNA molecule. 
This hypothesis could explain the observation that the sup-
pressor tRNAser which is identical to tRNA2Ser except for 
having the anticodon CUA (in which the first two bases are 
not self-complimentary) does not crystallize. 

Structural studies of influenza virus 
neuraminidase (W. Burmeister, R. Ruigrok 
& S. Cusack) 

Through a combination of very high resolution crystal-
lographic measurements and mass spectroscopic anal-
ysis it has been shown conclusively that influenza 
virus neurmanidase is capable of synthesizing its own 
transition-state analogue inhibitor, 2,3-dehydro-2-deoxy-N-
acetyl neuraminic acid, from sialic acid. This is described in 
more detail in the report of Rob Ruigrok. 

Template-free RNA-polymerases 
(E. DiCapua & S. Cusack) 

During the course of this year, a new project was initiated 
which was conceived as an extension of the Outstation's 
established projects in tRNA-aminoacyl-tRNA synthetase 
and elongation factors, namely the study of the interaction 
of proteins with transfer RNA. The new protein chosen is 
CCA-transferase, which adds the 3 nucleotides C, C and A 
to the 3' end of any defective tRNA to make it fully functional. 
The protein was obtained from a cloned gene in EcoN 
(Cudny et al., 1986; kindly given to us by M.P. Deutscher). 
Purification, and crystallization trials are in progress. 

Masters et al. (1990) have observed that the amino-acid 
sequence of CCA-transferase is 20% identical and 40% 
similar to that of the gene product of pcnB, a locus involved 
in the control of plasmid copy number (plasmids of the colE1 
family, whose replication is regulated by RNAI, a plasmid-
encoded transcript of 108 nt with a 3 stem-loop structure). 
They proposed that PcnB protein might interact with RNAI in 
a manner similar to interactions with t-RNAs. In collaboration 
with the group of M. Masters in Edinburgh, we attempted to 

obtain that protein, but both over-expression and purification 
were unsuccessful. However, they made a fusion protein 
(glutathione-S-transferase-linked PcnB protein) which can 
both complement pcnB in vivo and be purified to homo-
geneity. 

A recent study (Cao & Sarker, 1992) shows that the gene 
sequence for pcnB also encodes polyA polymerase, which 
in vitro adds polyA tracts to the 3' end of any RNA. This 
enzyme has been recloned and can be overproduced. N. 
Sarkar has kindly made the strain available to us and 
we have begun purification of the protein with the aim 
of characterizing its stucture and enzymatic properties in 
comparison with those of CCA-transferase. 

With this, the project has acquired a new interest. The 
common feature of the two enzymes, CCA-transferase and 
polyA polymerase, is their activity as ribonucleotide poly-
merases in the absence of a polynucleotide template. We 
hope that the similarity in their primary structure will help 
understand the structural basis of a reaction where the 
sequence information is "encoded" in the 3-dimensional 
protein structure. 

The compact form of RecA protein 
(E. DiCapua & R. Ruigrok) 

We have completed our studies on the compact form of 
the recA polymer, i.e. the structure adopted by the protein 
self-polymers and by complexes with DNA in the absence 
of ATP. 

Purified RecA protein polymerizes in vitro into long filaments 
where the protein units are arranged in a helical path; it 
also polymerizes onto ssDNA in the absence of nucleotide 
cofactor into the same helical structure with 5-6 RecA per 
turn of 70±5 A pitch as we described previously by neutron 
scattering. We have now characterized this structure in more 
detail. By cryo-electron microscopy, a pitch of 76 A is found 
(which establishes as a preparation artefact the value of 
64 A observed previously in negatively stained specimens). 
The contour length of complexes with ssDNA was used to 
estimate the binding stoichiometry in the compact complex 
and was found to be 6± 1 nt/RecA, which excludes previous 
models with 3 nt/RecA. From these measurements and 
some estimates of the mass per length, we conclude that 
the number of RecA units per helical turn must be 5.6±0.2, a 
number different from both the value in the crystal structure 
(6.0) and in the complexes in the presence of ATP (6.2). 

In addition, the compact structure was observed in vivo in 
EcoN by electron microscopy of thin sections of Ecoli em-
bedded in resins (collaboration with Thomas Uetz & Bernd 
Bohrmann, Biozentrum Basel): inclusion bodies (produced 
upon induction of RecA expression in an overproducing 
strain) have a fibrous morphology, reflecting a parallel ar-
rangement of filaments, and the same parameters as for 
the compact filaments described above, i.e. a width of the 
filaments of about 100 A and a helical pitch around 76 A, 
can be measured in some areas. 
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Fibre diffraction of RecA polymers 
(E. DiCapua & T. Forsyth, University of Keele) 

The structure of the RecA monomer is known from crystals, 
but its interaction with DNA is still a subject of speculation. 
This interaction is characterized by the open filament, with 
6.2 RecA units per turn of 95-100 A pitch, which is found by 
electron microscopy and solution scattering in the complex 
with DNA and ATP, i.e. under conditions when the protein 
shows enzymatic activity. The complex has not yet been 
crystallized and it can be predicted that a co-crystal with 
the correct structural parameters will be difficult to grow 
due to its polymeric size and its inherent "asymmetry" in 
crystallographic terms (non-integer number of subunits per 
turn). Fibre diffraction may therefore be the method of choice 
for determining the structure of the complex. 

In Grenoble we have been trying to find conditions of im-
proved chemical stability of the complex. In Keele, various 
protocols for fibre production and analysis have been tested. 
Very often, the diffraction pattern of dried fibres shows a 
helical pitch of around 85 A and very little further features. 
Lately, however, Trevor Forsyth has obtained very promising 
patterns up to high resolution (3-4 A) and with a higher 
helical pitch. This was with very fresh samples that had not 
been fully dehydrated, and with short data collection times 
at the synchrotron in Daresbury. We shall therefore continue 
our efforts in improving fibre preparation and data collection. 

Crystallisation of the receptor-binding 
domain of adenovirus 2 fibre (S. Curry, 
N. Louis (IBS), J. Chroboczek (IBS) & S. Cusack) 

Adenoviruses are non-enveloped, linear dsDNA, animal 
viruses with icosahedral symmetry. There exist at least 41 
serotypes of human adenoviruses of variable pathogenicity. 
All of them interact with host cells through a fibre protein 
which projects outwards from each of the twelve virion ver-
tices. The fibre is a trimeric protein with a slender shaft termi-
nated by a more globular knob, the latter domain containing 
the putative receptor binding site of the virus. The aden-
ovirus receptor is currently unknown. The N-terminal 40 aa 
comprise the tail of the fibre which is highly conserved and 
probably interacts with the penton base in the viral capsid. 
The shaft consists of a variable number (depending on the 
serotype) of repeating units of approximately 15 residues. In 
adenovirus serotype 2 (Ad2) there are 22 repeats whereas 
in Ad3 there are only 7 repeats giving rise to a considerably 
shorter fibre protein. Some time ago, the intact fibre of 
Ad2 was crystallized but the crystals were not of good 
enough quality for a full structural study (Devaux et al., 
1990)). However as a result of this work and also electron 
microscopic studies, a revised model of the structure of the 
shaft region of the fibre has been proposed (Stouten et al., 
1992). To proceed further, the group of Jadwiga Chroboczek 
(IBS) has for a number of years been trying to express 
cloned fibre in various expression systems (E.coli, yeast, 
baculo virus) to provide material for continued structural 
studies. Due to the highly asymmetric nature of the fibre 
protein (Ad2 fibre is about 360 A long) it was decided to try 
to work on only the receptor binding domain which is more 
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globular and thus might crystallize more readily. Recently 
the C-terminal head domain of Ad2 fibre (residues 390-583) 
has been expressed in the baculo virus system and the 
protein purified. This protein appears to trimerize correctly 
as judged by cross-linking and electron microscopic studies. 
Crystals have been grown in ammonium sulphate which 
are hexagonal prisms of size about 200x80x80 microns. 
These crystals diffract to about 3 A resolution but the quality 
of diffraction is not great. However with slightly improved 
crystals and synchrotron radiation to compensate for the 
relatively small size, a structural study should be possible. 

Low temperature crystallography and the 
analysis of thermal diffuse X-ray scattering 
(T. Thuene & S. Cusack, with J-P. Benoit (LURE)). 

Experiments and theoretical calculations on the thermal dif-
fuse scattering from crystals of seryl-tRNA synthetase have 
continued. Measurements down to low temperatures (80 K) 
show that the strong thermal diffuse scattering persists, 
indicating that it is either from static disorder of dynamic 
disorder that can be frozen in. Other experiments on the 
wiggler beamline W32 at LURE included measurement of 
the mother liquor and capillary scattering as well permitting 
a more accurate determination of the intensity of the diffuse 
scattering. 

In the beginning of 1992 an explication of thermal diffuse 
scattering from lysozyme in terms of liquid-like correlations 
was published by the group of D. Caspar (Clarage et al., 
1992). In this theory, atomic correlations are assumed to 
falloff exponentially with distance, with one or more charac-
teristic isotropic correlation lengths. The diffuse scattering 
can then be calculated as the convolution of the normal 
crystalline diffraction pattern with Gaussian functions with 
widths inversely proportional to the correlation lengths. This 
is a different approach to that of Doucet and Benoit who 
have calculated the diffuse scattering resulting from corre-
lated anisotropic displacements of superblocks of molecules 
connected via crystal contacts. We have tried to unify these 
approaches by introducing the possibility of anistropy into 
the Caspar model. 

Development of crystallographic refinement 
methods (M. Fujinaga) 

Work has continued on the use of unrestrained atoms in 
crystallographic refinement. Unlike normal macromolecular 
refinement where the stereochemical information is incor-
porated in terms of bond length and angles, in free atom 
refinement, the atoms are not attached to each other. Some 
information about bonding is given by an inter-atomic inter-
action function in the form of a Lennard-Jones potential. This 
potential allows for atoms to be at bonding distances but no 
closer. The use of free atoms has the advantage that an 
initial interpretation of the electron density map in terms of 
a molecular model is not necessary. The lack of restraints 
can lead to a larger convergence radius but at the same 
time be more susceptible to fall in a local minimum. 



A series of test refinements was performed using starting 
models with different errors. It was found that up to about 
1 A r.m.s. coordinate error, the free atom refinement is able 
to converge towards the correct structure. With larger errors 
in the coordinates, the phases are not accurate enough to 
indicate the correct change in the position from a difference 
map. To help convergence to the correct minimum, infor-
mation needs to be added to the refinement process. One 
source of information is the phases that may be available 
from data with heavy atom derivatives. This has been suc-
cessfully used to improve the convergence characteristic of 
free atom refinement. More recently, density modification 
has been incorporated into the refinement process. 

In a normal refinement, the residual function used has the 
following form. 

s= 2)IFol- IFcl)2 
hkl 

In the modified refinement, after the calculation of the 
phases, a c , from the model, a map is calculated with co-
efficients (IFo!, ac). This map is then modified and back 
transformed to give IFml and am. The new residual function 
has the form, 

s= L ilFoleiam -IFcleiaci2 
hkl 

Thus, rather than minimizing the discrepancy between the 
observed and calculated structure factor amplitudes, the 
structure is forced to move toward the density modified map. 
The ideal modification would always change the phases in 
the direction of the correct phase and should have no effect 
on the map when the phases are perfect. The method allows 
for the incorporation of information that was not possible 
previously. It also reduces the model bias that results from 
using only the phases derived from the model. So far, 
only very simple modification schemes, such as defining a 
solvent mask or squaring the electron density, have been 
tried. These do not seem to add enough information to 
show an improvement over conventional refinement meth-
ods. More sophisticated density modification methods, such 
as histogram matching or checking for continuous density, 
will be tried. 
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Protein biosynthesis 

Group leader: R. Leberman 

Scientists: M. Hartlein, K.S. Larsen* 

Fellows: F. Borel, L. Ferri, T. Kawashima, C. Taupin 

Visitors: A.L. Dombre*, J. Willison* 

Assistants: M-T. Dauvergne, S. Price, C. Vincent 

The main lines of the projects described below are depen-
dent on the strong interaction with the X-ray crystallogra-
phers at the Outstation (see Crystallography Group) and on 
their results of the structural analyses of the synthetases. 

Study of structure-function relationship in 
the E.coli seryl-tRNA synthetase (SRSEC) 
by site-directed mutagenesis 
(C. Vincent, M.-T. Oauvergne & M. Hartlein) 

SRSEC is composed of 2 identical subunits each con-
taining 430 amino-acids. The N-terminal domain (residues 
24-102) is an arm-like structure made of two a-helices. The 
C-terminal catalytic domain has a core of 7 anti-parallel 
,8-strands forming a pocket which is the putative active 
site of the enzyme. As yet no crystals of complexes be-
tween SRSEC and its small substrates (serine and ATP) 
are available. However diffracting crystals of the complex 
enzymeltRNA have been obtained recently (see below). To 
define parts of the enzyme involved in the binding of the 
different substrates and those residues involved in catalysis, 
a programme has been continued to construct site-directed 
and deletion mutants of SRSEC. 

Last year we described a deletion mutant (minus residues 
1-97) of SRSEC expressed as a fusion protein with ,8-
galactosidase which had no aminoacylation but (reduced) 
ATP-pyrophosphate exchange activity, demonstrating the 
importance of the N-terminal arm structure for aminoacy-
lation. We have now produced an internal deletion mutant 
enzyme, without an N-terminal extension of 9 amino-acids 
in which the long helices H3 and H4 (residues 35-97) are 
replaced by a single glycine residue. This enzyme has wild-
type ATP-pyrophosphate exchange activity but no aminoa-
cylation activity. It can be obtained in large amounts by IPTG 
induced T7 polymerase dependent expression (>50% of the 
total protein ). Protein purification has been started to obtain 
material for kinetic analysis and crystallization trials. 
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Based on the low resolution data of the complex SRSEC 
with its cognate tRNA we asked whether the entire N-
terminal coiled-coil structure formed by helices 3 and 4 of 
the synthetase is necessary for aminoacylation activity. A 
clone which expresses a synthetase slightly truncated at 
the tip of the arm in the N-terminal domain (residues 56-64 
of H3, 65-68 of the turn and 67-72 of H4 replaced by a 
glycine residue) was constructed. This clone, pSerS2-1D2, 
over-expressed the truncated SRSEC strongly (rv 10x com-
pared to the wild-type protein in pSerS2-1). Initial activity 
measurements on unfractionated bacterial extracts showed 
that the truncated SRSEC has ATP-PPi exchange activity 
similar to the wild-type, the aminoacylation activity is how-
ever strongly reduced but still measurable. The protein has 
been purified and a more precise kinetic characterization 
has been started. 

Encouraged by the strong expression of the truncated 
SRSEC in pSerS2-102 we tried to use this construct 
for the expression of site-directed mutant proteins with 
changes in putative active-site residues (e.g. E355-+Q see 
below), which cannot be expressed in pSerS2-1. No over-
expression was obtained in pSerS2-102, however, when 
we used pSerS302, where transcription does not start from 
the serS promoter, but from the tac promoter leading to 
an N-terminus extension of 9 amino-acids, a strong over-
expression was obtained. The mutant protein is being puri-
fied for kinetic studies. 

Interestingly the part of the serS gene deleted in pSerS2-
102 contains a sequence coding for Ser-X-Ser-X-Ser fol-
lowed by a strong stem-loop structure. The corresponding 
stem-loop in the mRNA may be a negative element for the 
expression of SRSEC. To study the role of this structure 
we designed a mutant gene where 3 silent mutations lead 
to a significant weakening of the secondary structure. The 
expression of SRSEC in this clone is significantly increased 
compared to the corresponding wild-type and slightly de-
creased compared to the deletion construct (pSerS2-102) 



indicating that the stem-loop structure strongly contributes 
to the down regulation of SRSEC expression. 

Large scale purifications of mutant proteins described in 
last year's report (p196-.R in motif 1 and H386-.y ts in 
expression) were carried out. From the latter diffracting 
crystals have been obtained (see below). 

Site-directed mutagenesis of E.coli seryl-tRNA 
synthetase (J. Willison, M. Hartlein & R. Leberman) 

Seryl-tRNA synthetase catalyses the formation of seryl-
tRNNer from serine, ATP and tRNNer . The fidelity of protein 
synthesis requires that the enzyme exhibits a high degree 
of specificity for both the cognate tRNAs and serine. The 
amino-acid residues of the catalytic domain responsible 
for the specific recognition of serine have not yet been 
identified although, by analogy with the X-ray diffraction 
studies of the Thermus thermophilus enzyme (see report S. 
Cusack et al), the binding site for most of the ATP molecule 
can be defined. Structural information on serine binding is 
necessary to guide the site-directed mutagenesis studies 
of the enzyme reaction mechanism to define the molecular 
basis of amino-acid specificity. 

We have used two approaches to study the binding of 
serine to SRSEC: (1) chemical mutagenesis and the se-
lection of serine hydroxamate-resistant mutants, followed 
by screening for mutants with an altered affinity for serine; 
(2) site-directed mutagenesis of residues predicted, from 
considerations of the primary and tertiary structures of the 
enzyme, to be candidates for serine binding. 

Using the first method, we isolated a mutant with a ten-fold 
higher K m for serine (SOD J.lM compared to SO J.lM for 
the wild-type enzyme), and a ten-fold lower kcat in the 
aminoacylation reaction. The mutant gene was cloned by 
PCR and sequenced. A single mutation was found result-
ing in the amino acid change Ala262 -.Val. Inspection of 
the three-dimensional structure of SRSEC showed that the 
methyl side-chain of Ala262 is not exposed in the active 
site but buried in a large hydrophobic pocket. This pocket 
appears to be sufficiently large to accommodate the bulkier 
side-chain of valine, and modelling experiments indicate 
that the substitution of Val for Ala at this position should 
have little effect on the active site. Since it appears that 
Ala262 is unlikely to be involved directly in serine binding, 
it may possibly be involved in a conformational change 
necessary for efficient serine binding, perhaps subsequent 
to ATP binding. This hypothesis has some support from 
kinetic studies. 

The following mutants were constructed by site-directed 
mutagenesis: Arg279-. Trp, Glu355-.Gln, Ser358-. Thr and 
Ser360 -. Thr. All these residues are to be found in the puta-
tive active site of the enzyme with the two serine being part 
of a motif Ser.Cys.Ser. found in all seryl-tRNA synthetases 
sofar sequenced. Using a pUC1S-based expression system, 
Arg279 -. Trp was expressed at levels similar to (or higher 
than) the wild-type enzyme, Ser358 -. Thr and Ser360 -. Thr 
were expressed at lower levels, and Glu355 -.Gln was not 

detectably expressed. Indirect evidence was obtained that 
the Glu355 -.Gln mutation was deleterious to the host cells. 
Kinetic analyses of SRSEC in partially purified enzyme 
fractions showed that the apparent Kmm for serine was 
lower in Arg279 -. Trp than in the wild-type (20 J.lM) but was 
similar to the wild-type for the Ser358 -. Thr and Ser360 -. Thr 
mutants. The Ser358 -. Thr mutant showed a lower kcat than 
the wild-type, whereas the kcat of Ser360 -. Thr was similar to 
that of the wild-type. Nevertheless the Ser360 -. Thr mutant 
showed a higher rate of threonyl-adenylate formation than 
the wild-type in the absence of tRNA suggesting that it 
may have an altered amino-acid specificity. Current work is 
being directed towards developing a T7 polymerase based 
expression system for the mutant genes allowing a detailed 
kinetic analysis of the purified mutant enzymes. 

Studies on the possible co-evolution of 
the extra arm of tRNASer and the N-terminal 
domain of bacterial seryl-tRNA synthetase 
(A.-L. Dombre, C. Vincent & M. Hartlein) 

Mutant studies on SRSEC confirm the structural definition 
of the a-{3 core structure as the catalytic domain and the 
N-terminal coiled-coil structure as part of the tRNA binding 
domain of the enzyme. The X-ray diffraction analyses of 
the structures enzyme:tRNA complexes for the seryl-tRNA 
synthetases of both T.thermophilus and Ecoli show tRNA 
bound via its long extra-arm to the N-terminal domain of 
one enzyme subunit, while the acceptor arm of the same 
tRNA molecule is in contact with the catalytic domain of the 
other subunit. Additionally, sequence comparisons of seryl-
tRNA synthetases from various prokaryotic and eukaryotic 
sources show that the N-terminal tRNA binding domain, the 
structure of which is clearly separated from the catalytic 
domain, is much less conserved during evolution than the 
C-terminal domain. This led to the proposal, that the catalytic 
domain and the tRNA binding domain may have evolved 
independently, the tRNA binding domain co-evolving with 
the extra-arms of the cognate isoacceptors. 

A project was initiated which involves cloning and sequenc-
ing genes coding for seryl-tRNA synthetases and tRNASer 
from various sources. The first step was the PCR ampli-
fication of partial fragments of genes coding for several 
enterobacterial seryl-tRNA synthetases. DNA sequencing 
revealed that the partial serS from Shigella flexneri and Pro-
teus vulgaris were nearly identical with the corresponding 
Eco/i sequences, the Enterobacter aerogenes sequence 
however was 15% different (7% difference in protein se-
quence). A part of the Eaerogenes PCR fragment was used 
as probe in a Southern blot experiment and a partial gene 
bank constructed in pUC 1S. The Eco/i serS ts mutant was 
used to clone the Eaerogenes gene via complementation. 
DNA sequencing of the gene is presently under way. Due 
to changes in surface residues this protein might also be 
a useful candidate for crystallizing the complex with the 
substrates ATP and serine. In the case of the Ecoli en-
zyme the access to the active site seems to be blocked by 
dimer-dimer interaction in the crystal. 

These studies will probably be extended to organisms which 
are more distant in evolution including archebacteria. 
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Regulation of E.coli seryl-tRNA synthetase 
(SRSEC) expression (L. Ferri & M. Hartlein) 

In Eeoli the regulation of aminoacyl-tRNA synthetases has 
been studied by both physiological and genetic means and 
has shown to be modulated in response to the growth rate of 
the cell. The molecular mechanism of the autoregulation of 
the gene coding for threonyl-tRNA synthetase (thrS) is now 
well documented, in vivo and in vitro; the synthetase binds 
to a tRNA-like structure of its mRNA situated upstream of the 
AUG initiation codon thereby inhibiting its own translation 
(Romby et al., 1992). Evidence from both in vitro and in vivo 
studies of phenylalanyl-tRNA synthetase expression had 
indicated that pheS is regulated by a phenylalanyl-mediated 
attenuation control (Fayat et al., 1983). It appears likely from 
these initial results that synthetase expression is controlled 
by a set of various regulatory mechanisms. Recently it has 
been shown (Miseta et al., 1991) that mammalian seryl-
tRNA synthetase associates with mRNA in vivo. 

For our initial studies on the regulation of SRSEC we 
have studied the interactions between the enzyme and in 
vitro transcribed mRNA by filter binding assays. Wild-type 
and mutant mRNA (deletion of codon 56-72 of serS, (see 
above) fragments were prepared by ligating segments serS 
DNA (-477 to +323, + 1 being the A of the serS translational 
initiation codon) into the multiple cloning site of plasmid 
pGEM3Z. Transcription of the cloned DNA was performed 
with T7 RNA polymerase, after linearization of the plas-
mids. The affinity of tRNNer and of the mRNA fragments 
for the seryl-tRNA synthetase was estimated by retention 
of the complex on nitrocellulose membranes. Increasing 
concentrations of synthetase (from 5 nM to 10 JLM) were 
added to the uniformly labelled RNA fragment present at a 
constant concentration and the binding was expressed as 
the percentage of the maximal radioactivity retained on the 
filter. Preliminary results show that the SRSEC binds the 
wild-type mRNA fragment, but not the mutant one. Further 
experiments with other mRNA fragments and competition 
studies between tRNAser and mRNA for binding to the 
enzyme have been started. 

An Eeoli S30 coupled transcription translation system 
(Zubay, 1980) was used to test the effect of the addition 
of increased concentration of tRNAser and SRSEC to the 
reaction mixture. No alterations in the synthesis of the syn-
thetase were observed. In addition, strains carrying trans-
lational in-phase fusions of parts of the wild-type or mutant 
serS gene with the ,B-galactosidase structural gene were 
constructed and they will be subsequently used for serS 
regulation studies. 

Mammalian cytosolic and mitochondrial 
seryl-tRNA synthetases (C. Taupin, 
M. Hartlein & R. Leberman) 

Within the framework of studies on seryl-tRNA synthetases 
(SRS) a programme has been initiated on the corresponding 
mammalian enzyme. Schematically it was foreseen to purify 
to homogeneity cytosolic and mitochondrial SRSs, then 
to determine N-terminal amino-acid sequences of peptidyl 
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fragments to prepare probes to get the gene coding for the 
purified SRS. 

Using a number of chromatographic steps the enzyme 
from porcine liver has been obtained which is about 75% 
homogeneous. Since this project was started the partial 
sequences of two mammalian SRS have been reported 
(Miseta et al., 1991; Lunel et al., 1992) The current project 
is to screen a porcine cDNA library by PCR with probes 
based on the information from these reports and the partial 
sequence of our protein. 

Bacterial tRNser s are characterized by long extra arms. In 
contrast to this the bovine mitochondrial tRNSser AGY is very 
atypical having only 65 bases and lacking the dihydrouridine 
loop and stem (De Bruijn et al., 1980). Using the system 
developed by Franck Borel at the Outstation, a synthetic 
tRNNer AGY gene was inserted in pGFB-tac1 (pGFB-1 Ipp 
where the Ipp promotor is replaced by the strong tac pro-
motor) and the block, tac promotor-bovine mitochondrial 
tRNNer AGY gene-terminator, from the last construct was 
cloned into pOU71 whose replication (at high copy number) 
is thermoinducible. Expression was observed of, depending 
on the RNA preparation, two transcripts of about 65 bases 
with a size difference of 2-3 bases. These transcripts are 
being characterized by sequencing and functional proper-
ties. 

Over-expression of tRNA genes 
(F. Borel, M. Hartlein & R. Leberman) 

The specific recognition and interaction of aminoacyl-tRNA 
synthetases with their cognate tRNAs are fundamental steps 
in the protein biosynthetic pathway and in maintaining the 
fidelity of translation. One route to the study of this at the 
molecular level is the analysis by X-ray diffraction of crys-
tals of the appropriate complex. Since the determination of 
the crystallization conditions of a synthetase:tRNA complex 
might require relatively large quantities of pure tRNA species 
we have undertaken the cloning and over-expression of syn-
thetic genes coding for Eeoli tRNA2ser, amber suppressor 
tRNAser and the tRNNsn, corresponding to the particular 
enzymes of interest in the laboratory. The construction and 
cloning of these three genes were described last year as 
was the fractionation of tRNNer into two peaks of accep-
tance activity by FPLC on phenyl-superose. The difference 
between the two fractions appeared to be due to a difference 
in hydrophobic properties dependent on the modification of 
the base A37. Sequence studies of the two tRNA species 
have shown that the tRNA in the first peak i.e. least hy-
drophobic, is in fact cleaved at A37 and (consequently) this 
base is not modified. 

In a collaboration with Drs. Weygand-Durasevic and Soli 
(Yale) the purification of the yeast seryl-tRNA synthetase 
cloned and expressed in Eeoli have been studied to ob-
tain materials for crystallization trials and heterologous in-
teraction studies between this enzyme and Eeoli tRNA 
(collaboration with Dr. Eckstein, Gottingen). Although the 
expresssion of the yeast enzyme in the Eeoli construct is 
high its specific activity is low and all attempts to amelio-



rate this situation have so far failed. Studies by PAGE on 
non-denaturing gels showed that the enzyme migrated as a 
smear instead of a single band. This anomalous migration 
may indicate a problem in the correct protein folding of the 
yeast seryl-tRNA synthetase in an E.coli context. 

The yeast tRNA2ser has been cloned for in vitro transcrip-
tion. In this case the synthetic gene is dependent on the 
T7 promotor and there is no transcription terminator. The 
functional 3' -end of the transcript is generated by a digestion 
by BstN1 of the DNA template. This permits the production 
of the yeast tRNA by run-off transcription without base mod-
ification. The confirmation of the sequence of the synthetic 
gene and the transcript are under way. 

Kinetic studies of E.coli seryl-tRNA synthetase 
(K.S. Larsen & R. Leberman) 

The interaction of L-serine and ATP with SRSEC was 
examined by quench-flow experiments and a solid phase 
extraction method for the detection of the enzyme bound 
seryl-AMP intermediate. In these experiments, the enzyme 
is first incubated with L-serine and [3H]ATP and the seryl-
[3H]AMP is subsequently released from the active site by 
acidification. The difference in charge between ATP and 
seryl-AMP allow the two compounds to be fractionated by a 
one step fractionation on quartenary ion-exchange columns. 
Rate constants were obtained from the time dependent for-
mation of seryl-AMP and binding constants were determined 
from the equilibrium concentration of seryl-AMP as function 
of the substrate concentrations. The K m for ATP is 3.3 /LM 
for the serine-free enzyme and decreases to 0.068 /LM for 
the enzyme·serine complex. The K m for L-serine is 64 /LM 
for the enzyme·ATP species. The synergistic binding of L-
serine and ATP suggest that a structural change takes place 
in the active site upon binding of either substrate. The inter-
conversion between the enzyme·L-serine·ATP complex and 
the enzyme·seryl-AMP·PPi intermediate is characterized by 
a forward rate constant of 10 sec-1 and a backward rate 
constant of 23 sec-1. The rate constant for transfer of the 
seryl moiety to tRNASer is estimated to be 110 sec-1. Thus 
the activation of serine is the rate determining step in the 
overall reaction. The kinetic studies are now being extended 
to mutant derivatives of E.coli seryl-tRNA synthetase. 

Interaction of serinehydroxamate with 
E.coli seryl-tRNA synthetase 
(K.S. Larsen, J. Willison & R. Leberman) 

The synthesis of the seryl-AMP intermediate probably takes 
place by nucleophilic attack of a serine carboxylate oxy-
gen on the a-phosphate of ATP. The structural analogue 
of serine, serinehydroxamate, has a -CO(NH-OH) group 
instead of the carboxylate in serine. Experiments were per-
formed to determine if serinehydroxamate is a substrate 
for the enzyme. SRSEC was incubated with ATP and 
either serine or serinehydroxamate and the two reaction 
mixtures were subsequently adjusted to pH 2 to release 
enzyme bound intermediates. Two distinctly different inter-
mediates were observed by fractionation of the reaction 

products by reverse-phase HPLC and detection at 254 nm. 
Retention times of 9.1 min and 15.2 min were observed 
for serylhydroxamyl-AMP and seryl-AMP respectively. Thus 
serinehydroxamate is a substrate for SRSEC and the re-
action product is different from the known seryl-AMP. The 
seryl-AMP is hydrolyzed rapidly once it is released from 
SRSEC whereas the serylhydroxamyl-AMP is stable for 
several hours in solution. The K m for serinehydroxamate 
is 80 /LM in the presence of 2 /LM ATP and the Km for ATP 
is 0.10 /LM in the presence of 1 /LM serinehydroxamate. 
The chemical structure of the serylhydroxamyl-AMP is not 
presently known. The bond between the AMP phosphate 
and the serylhydroxamyl moiety is probably a phospho-
amide bond to the hydroxamate nitrogen or a phosphoester 
bond joining the hydroxamate oxygen. The current efforts 
are aimed at producing enough of this compound for a 
structural characterization. 

Synthesis of adenosine(5')tetraphospho(5')adenosine 
(AppppA) by E.coli seryl-tRNA synthetase 
(K.S. Larsen & R. Leberman, with 
S. Pelorgeas & M. Satre, CENG) 

Adenosine(5')tetraphospho(5')adenosine (Ap4A) is an intra-
cellular signal molecule (alarmone) which is known to be 
synthesized by several aminoacyl-tRNA synthetases: The 
AP4A is formed when a oxygen of an ATP 'Y-phosphate 
attacks an enzyme bound aminoacyladenylate. SRSEC was 
found to synthesize AP4A from ATP in the presence of 
L-serine and inorganic pyrophosphatase. The pyrophos-
phatase is needed to remove the pyrophosphate that is 
generated as a by-product when seryl-AMP is synthesized 
from L-serine and the first ATP. The pyrophosphate site is 
now open and allows a second ATP to attack the seryl-AMP. 
The products of the reaction were fractionated by membrane 
convective liquid chromatography (MCLC) using a DEAE 
functional group and UV detection at 254 nm. This system 
is used to fractionate ATP and AP4A and their concentra-
tions are determined from the peak areas. The SRSEC 
catalyzed Ap4A synthesis is characterized by a kcat value 
of 0.012 sec-1. These observations indicate that each active 
site of SRSEC contains two ATP binding sites. The first ATP 
is used for seryl-AMP synthesis and the second for AP4A 
synthesis which may also be the binding-site of the tRNA 
3'A. 

Synthesis of ATP derivatives by E.coli 
seryl-tRNA synthetase (K.S. Larsen & 
R. Leberman, in collaboration with 
S. Pelorgeas & M. Satre, CENG) 

The pyrophosphate analogues, methylene diphospho-
nate (MOP), 1-hydroxyethane-1, i-methane diphosphonate 
(EHDP) and dichlororomethane diphosphonate (CI2MDP) 
have medical applications in the treatment of various 
metabolic bone diseases. These compounds are resistant 
to metabolic hydrolysis because of their P-C bonds but are 
converted in vivo to the corresponding ATP derivatives and 
other nucleotides. It has been proposed that the synthesis 
of these compounds is catalyzed by the aminoacyl-tRNA 
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synthetases and we have examined this possibility by ex-
change studies with SRSEC. In these experiments, SRSEC 
is incubated with L-serine and ATP and the diphosphonates 
are then allowed to compete for the pyrophosphate site 
with the pyrophosphate that is formed as a by-product of 
seryl-AMP synthesis. The reaction products were fraction-
ated by MCLC and the species concentration determined 
from the intensity of peak absorption at 254 nm. All three 
diphosphonates were found to react with seryl-AMP to form 
the corresponding ATP derivatives, AMP-MOP, AMP-EHDP 
and AMP-CI2MDP. 

Crystallization of E.coli seryl-tRNA 
synthetase:tRNA complexes (S. Price, 
F. Borel, M.-T. Dauvergne & R. Leberman) 

Crystallization trials on wild-type seryl-tRNA synthetase 
complexed with cognate tRNAs have included tRNNer 
isoacceptors isolated from commercial total Ecoli tRNA, 
amber suppressor tRNAser, tRNA2ser and over-expressed 
tRNNec. The tRNA2ser had been further separated on 
a phenyl-superose HR 10/10 FPLC column into 2 peaks 
containing an unmmodified and modified (Base A37) form 
respectively. The unmodified tRNA has also been shown to 
be cleaved at A37. Both of these tRNAs are the only ones 
that have sofar been incorporated in crystals of the complex 
with the synthetase. 

Trials were performed using the hanging drop vapour 
diffusion method and crystals were obtained after equi-
librating drops containing 5 mg protein/ml and 3.9 mg 
tRNA2ser/ml (stoichometric ratio protein:tRNA=1 :2.4), at 
pH 6.5 against 45-50% saturated ammonium sulphate. 
Crystals can be grown to dimensions of approximately 
1 mmx300 p,mx300 p,m and belong to the orthorhombic 
space group C2221 and diffract to 4-6 A dependent on 
the orientation. The presence of seryl-tRNA synthetase and 
tRNA in the crystals was checked by PAGE. Partial heavy 
atom derivatisation of cysteine sites of the enzyme was 
achieved by co-crystallization with 100-200 p,M methyl mer-
cury acetate. The growth of larger crystals was found to lead 
to a slight improvement in diffraction and trials are continuing 
to improve the diffraction properties of the crystals. 

Since it appears from the 6 A structure of the complex 
(see Crystallography group) that the anticodon of tRNA2ser 
(CGA) is an important intermolecular crystal contact, a clone 
over-expressing a mutant of tRNNec (anticodon GCA) has 
been obtained from Dr. C. Baron (Munich). Purification of 
this tRNA and crystallization trials are now in progress. 

Study of structure-function relationship in the 
E.coli seryl-tRNA synthetase by mutagenesis 
(S. Price, C. Vincent, M. Hartlein & R. Leberman) 

To identify the residues responsible for the binding of sub-
strates, a number of site-directed and deletion mutants of 
SRSEC have been constructed. Following over-expression 
these proteins are purified using the same protocol as used 
for the wild-type synthetase. Mutants which are unable to 
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effectively aminoacylate their cognate tRNA are assayed via 
their activation of serine by the ATP-PPi exchange reaction. 

Crystallization trials were performed using the hanging- and 
sitting-drop vapour diffusion methods with the following re-
sults. 

The K28 temperature-sensitive mutant enzyme crystallized 
under the same conditions as the wild-type. The complex of 
this protein with tRNAS2ser has also been crystallized. 

The H3/H4 17 amino-acid residue deletion mutant crystal-
lizes at pH 6.0 with 48% saturated ammonium sulphate as 
precipitant. Since the crystals are only about 50 p,m long, 
we are currently attempting to find conditions for producing 
larger crystals suitable for X-ray diffraction. A slightly mod-
ified form of this mutant has recently been over-expressed 
and is now being purified prior to crystallization trials. The 
Pr0196-Arg and H3/H4 mutants will shortly be undergoing 
crystallization trials using a robot. 

Structural studies of the complex EF-Tu·EF-Ts 
(T. Kawashima, C. Berthet-Colminas, M. Fuginaga 
& R. Leberman) 

Previously it was found that the presence of KN03 in the 
crystallization medium of solutions of polyethylene glycol 
6000 produced better and larger crystals than the original 
recipe with NaC!. An extended study of the effects of salts 
on the crystallization showed that KCI was even better; with 
this present larger (400-800 p,m instead of 200-400 p,m) 
and less fragile crystals are obtained. A study of the effect 
of pH showed the optimal pH range to be 7.4-7.7. 

One problem associated with the crystallization of the com-
plex is the appearence of two forms, both are orthorhombic 
and belong to the space group P212121. One (form 1) 
has cell parameters of a=74.42 A, b=11 0.15 A, c=199.01 A 
and 0:=/3=,,(=90 0 and diffracts to at least 2.8 A; the other 
(form 2) has parameters a=80.3 A, b=1 09.5 A, c=204.6 A 
0:=/3=,,(=90 0 and diffracts to 3.3 A. Both forms can be found 
in the same crystallization solution and are morphologically 
indistinguishable. The only difference between them seems 
to be their nucleation/growth characteristics: crystals ap-
pearing after 1-3 days tend to be form 2, whereas those 
appearing after 7-10 days tend to be form 1. 

Data sets of the two forms have now been collected. Using 
only two crystals, a 95% complete data set for form 1 to 
3.3 A has been measured and it has an Rsym=1:.4. For the 
form 2 crystals a 98% complete data set to 4.5 A has been 
measured and this has an Rsym=10.7. 

Using the coordinates for the structure of proteolysed Ecoli 
EF-Tu·GDP provided by Dr. J. Nyborg (Aarhus) we have 
attempted to solve the phase problem by means of a rotation 
function. As yet this has proved fruitless possibly because 
of significant conformational differences in EF-Tu in the two 
different complexes. The search for isomorphous heavy-
atom derivatives is under way. 
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Virus structure 

Scientist: R.w.H. Ruigrok 

Fellows: F. Baudin, W.P. Burmeister*, C. Elster* 

Assistant: A. Barge 

Our group studies the structure of intact viruses and viral 
proteins. We concentrate mainly on the proteins of influenza 
virus. The work on the influenza virus neuraminidase has led 
to a high resolution structure of the enzyme complexed with 
sialic acid, the product of the enzymatic reaction, and has 
shown that, under certain conditions, the enzyme makes its 
own inhibitor. The rest of the influenza work focuses on the 
structure and function of the major internal proteins, M1 and 
nucleoprotein. We also studied proteins of rhabdoviruses, a 
group of viruses related to the influenza viruses, which com-
plements and sometimes contrasts the work on influenza. 

Influenza virus 

Nucleoprotein (NP) 

We are investigating the structure of the ribonucleoprotein 
(RNP) complexes. Using filter binding assays, we studied 
the binding of NP to the viral RNA and to a small RNA of 80 
nucleotides that contains both 5' and 3' termini of the viral 
RNA. We also designed 8 oligoribonucleotides of different 
length (15 to 20 bases) corresponding to the 5' and 3' 
conserved sequences common to all 8 viral RNA segments. 
The RNA termini are roughly complementary and it has 
been suggested that they form an RNA double-stranded 
structure in the intact RNP complexes. They are thought 
to represent regulatory elements for transcription. NP binds 
two times stronger to the 5' end of the RNA than to the 
3' end, and five times less strong to random sequences of 
oligoribonucleotides of the same length. Moreover, NP binds 
ten times better to single-stranded than to double-stranded 
RNA. 

We also investigated the interaction of NP with the RNA 
(complete chain and oligonucleotides encompassing the 3' 
and 5' ends), and the conformation of the RNA in the RNP 
complex and free in solution, by using chemical probes, 
specific for certain atomic positions of the bases. Up to 
now, the results indicate that the vRNA does not adopt a 
well-defined secondary structure in solution. In RNP com-
plexes, the bases of the viral RNA are exposed to the 
solvent indicating that the protein probably interacts with the 
phosphate backbone. 
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M1-protein 

The influenza M1 protein is thought to form a layer just 
underneath the viral membrane and to be the "glue" for the 
virus structure in making contacts with the lipid membrane, 
the cytoplasmic tails of the glycoproteins and the viral RNPs. 
The sequences of influenza A and B virus M1 proteins 
contain a putative "zinc binding motif" which is conserved 
in all strains and has been suggested to be involved in the 
interaction of M1 with the RNA. A model for the interaction 
of M1 with RNP is the inhibition of transcription, performed 
by the viral RNPs (RNA, nucleoprotein, polymerases) in the 
presence of primer and NTPs, when M1 is added to the mix. 

A peptide containing the putative zinc binding sequence, 
FGLVQATQEOIADSO!::!RS!::!RO was incubated with cobalt 
to form a chromophore that can be detected using a spec-
trophotometer. We found that the peptide bound cobalt with 
a K d of about 8 J.lM but, contrary to the situation with 
"classical" zinc finger peptides, that a single metal ion was 
complexed by two peptides. The cobalt could be chased out 
by adding zinc which bound with a Kd at least 20x lower 
than the Kd for cobalt and also with one zinc ion per two 
peptides. 

We have measured the quantity of zinc in intact virus, 
spikeless virus, viral RNPs and in purified M1 protein. This 
was done by atomic adsorption in collaboration with E. 
Fourest and J. Roux of the CENG, Grenoble. We found zinc 
to be present in intact and spikeless virus, in purified M1 but 
not in the RNP, suggesting that the zinc is indeed associated 
with M1. Influenza A/PR/8/34 and B/Beijing/1/87 contained 
about 2-3 ions of zinc per 100 molecules of M1 in intact virus 
and 5-7 zinc ions per 100 molecules of purified M1. One 
strain, influenza B/Yamagata/16/88, contained reproducibly 
more zinc: 20 zinc per 100 M1 in intact virus and 15 zinc 
per 100 M1 in purified protein. 

However, independent of the zinc content, the different M1 
preparations all showed the same Kd in binding to viral RNA 
and the same transcription inhibition activity. Transcription 
inhibition by the peptide was not observed. On the contrary, 
we found that the transcription was largely inhibited by the 



addition of 0.1 mM ZnCI2 but that subsequent addition of 
twice the amount of peptide resulted in full recovery of 
transcription. 

These experiments suggest that, although zinc is present in 
M1 and may be important for its functioning, it has no effect 
on the binding of M1 to viral RNA nor on the inhibition of 
transcription. We will now investigate if zinc has a role on 
the conformation of M1 or on its polymerization state. 

Neuraminidase (with S. Cusack) 

In the previous research report we descibed the structure of 
influenza B neuraminidase (NA) at 2.2 A resolution. We have 
now refined the structure to a resolution of 1.75 A with an 
R-factor of 18% using synchrotron data obtained at LURE 
(Paris/Orsay). An intriguing feature in the previous 2.8 A 
electron density map of the enzyme complexed with sialic 
acid, the product of the enzymatic reaction, was the lack of 
density for the 02 oxygen (Plate 98A), the oxygen that would 
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Diagrams of sialic acid (A); oxocarbonium reaction intermediate (8); 
2,3-dehydro-2-deoxy-N-acetylneuraminic acid (DANA) (el. 

have been attached to the second sugar of sialolactose, a 
substrate for NA. The high resolution data now clearly show 
that in soaking experiments of NA crystals with sialic acid 
or sialolactose, the 02 is absent when long soaking times 
and/or data recording times are used but present after short 
soaks and data recording at a synchrotron. These results 
did not depend on pH. Further, the electron density for the 
sialic acid that lacked the 02 was identical to that for the 
NA inhibitor 2,3-dehydro-2-deoxy-N-acetylneuraminic acid 
(DANA, Plate 98C). 

We propose that the chemical reaction (removal of the 
sugar bound to 02) proceeds via an oxocarbonium ion 
as reaction intermediate (Plate 98B) as also suggested by 
others. The energy for deformation of the sialic acid sugar 
ring and maintenance of the positive charge would come 
from the energy of binding to the protein. This reaction 
intermediate could be resolved by either addition of OW 
(with or without help from acidic amino-acid side chains in 
the neighbourhood) to give sialic acid, or by elimination of 
a proton at position C3 to give DANA. If the production of 
DANA is very slow, the electron density in the soaked crystal 
would first show the 02 of bound sialic acid after a short 
soak, but slowly lose the density for 02 after long soaks 
since the affinity for DANA is about two orders of magnitude 
higher than that for sialic acid. 

By isotopic labelling with H2 180 it was shown that sialic 
acid can indeed serve as a substrate for NA. We then 
analysed the reaction product of hydrolysis of sialolactose 
with a combined gas chromatography/mass spectroscopy 
approach in collaboration with B. Henrissat and C. Bosso 
(CERMAV-CNRS, Grenoble). After a short reaction time with 
only a small amount of enzyme, we only found sialic acid, 
but after a long incubation using a high concentration of 
NA, we found that a second product was formed with the 
characteristic mass spectrum of DANA. 

These results imply that NA produces its own inhibitor in 
a side reaction of the normal enzymatic mechanism and 
could explain the observation of DANA in blood and urine 
of patients with abnormally high levels of sialic acid in their 
blood. 

Adenoviruses 

Human subgroup F adenoviruses, types 40 and 41, have 
two genes that could specify different fibre proteins, a long 
fibre with 21 or 22 pseudo-repeat motifs in the shaft and 
a short fibre with 12 motifs. In collaboration with A. Kidd 
(Lund, Sweden), J. Chroboczek (IBS, Grenoble) and S. 
Cusack, we have shown that for adenovirus type 40, both 
proteins are expressed from separate late regions of the 
genome. They are incorporated into the virion with only 
one fibre per penton base, unlike avian adenoviruses which 
have two fibres extending from each penton. Comparison 
of known adenovirus fibre sequences suggests that the two 
fibres in adenovirus 40 and 41 arose through an external 
recombination event rather than having evolved from each 
other directly. Two alternative fibres on the virion may imply 
the existence of two distinct receptors. 
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Using negative stain electron microscopy, the surface struc-
ture of the fowl adenovirus core has been visualised (in 
collaboration with S. SchOller, Free University of Berlin). 
Intact virus particles were broken upon contact with the 
carbon support film and show their internal core structure 
before it had time to desintegrate or denature. We observed 
thin parallel lines with a spacing of 25 A, very similar to 
images of the liquid crystalline DNA in bacteriophage heads 
and in herpes virus. There was no indication of nucleosomal 
structure as suggested in the literature. 

Rhabdoviruses (with A. Flamand & 
Y. Gaudin, CNRS, Gif sur Yvette) 

Using negative stain electron microscopy (EM) and mon-
oclonal antibody probing, we studied the conformational 
changes of the Rabies virus glycoprotein (G) before and 
after low pH incubation needed for virus-induced membrane 
fusion. There exists a pH-dependent equilibrium between 
the native and the low-pH conformation of G that reaches 
about 50% at pH 6.7 after which the virus can no longer fuse 
with liposomes, the threshold-pH for fusion being pH 6.2. 
This behaviour is very different from that of the influenza 
virus haemagglutinin. Futher, we identified a third, transient, 
conformational state, that could not be distinguished from 
the native state by morphological or antigenic criteria, but 
which was more hydrophobic than the native state, as 
shown by interaction with the fluorescent probe ANS. The 
hydrophobic state is acquired immediately upon lowering of 
the pH and could be instrumental in the initial contact of the 
virus with the target membrane for fusion. 

In parallel with the work on influenza virus M1 protein, 
we decided to study the M protein of vesicular stomatitis 
virus (VSV) which shares some sequence homology with 
the influenza M1 and has also membrane and RNA binding 
properties plus a transcription inhibition activity when added 
to transcribing viral ribonucleoprotein complexes. The VSV 
M protein is easy to isolate and very stable in solution. The 
first step in the isolation procedure is detergent treatment 
under low salt conditions which separates the "skeleton", 
containing the M protein plus the nucleocapsid (NC; nu-
cleocapsid protein, RNA plus small amounts of Land NS, 
components of the RNA-dependent polymerase) from the 
viral membrane and glycoproteins. The isolated skeleton 
has the same structure and morphology as that in the intact 
virion. 

The M protein is generally thought to condense the NC into 
the skeleton structure and to form the connection between 
this capsid and the lipid membrane plus the cytoplasmic tails 
of G. However, what we observe in negative stain electron 

PLATE 99 

Electron micrographs of isolated VSV skeletons negatively stained 
with 1% sodium silicotungstate without immuno gold labelling (A), 
labelled with monoclonal anti-M antibody (8), and labelled with 
monoclonal anti N antibody (Q). 
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microscopy is a nucleocapsid coil around a more or less 
unstructured core, which we call a "cigare". This cigare 
is clearly seen when the skeleton is somewhat unwound 
(Plate 99A) and can sometimes be found completely free of 
NC (Plate 99A arrow). Since there are only two proteins of 
high enough quantity in skeletons, it seems likely that the 
cigare is formed by the M protein. This was confirmed by 
immuno-EM. Incubating skeletons with a monoclonal anti-M 
antibody resulted in labelling of the cigare only, with no label 
attached to skeletons in which the cigare was completely 
covered with the NC coil (Plate 99B). Incubating with a 
monoclonal anti-N antibody resulted in labelling of the NC 
coils but no label was found to attach specifically to the ends 
of the skeleton, which could have exposed bits of cigare, or 
to short stretches of cigare extending from partly unwound 
structures (Plate 99C, inset). This suggests that VSV M 
forms a tubular matrix around which the nucleocapsid is 
coiled in a helical fashion, which contrasts the generally 
accepted ideas on the organisation of M1 in the influenza 
virion. 
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Superhelical DNA structure and dynamics 

Group leader: J. Langowski 

Fellow: W. Kremer, L. Seignovert* 

Visitor: K. Klenin* 

Assistant: U. Kapp 

Long-range effects of curved sequences 
on promoter activity (U. Kapp & J. Langowski) 

Results reported last year show that bends in the DNA helix 
axis, caused either by the sequence or by CAP protein, 
decrease the amplitude of internal motion in superhelical 
DNA (Research report 1991; W. Kremer, Dissertation). We 
interpreted our finding as a local organization of regions of 
approx. 1000 base pairs by the bend, which is localized 
in the end loop of a superhelix. For medium-size plasm ids 
(several 1000 bp) this effect should lead to an increased 
probability of end loop formation in a region exactly opposite 
the curved sequence on the circular plasmid map. One 
hypothesis why promoters are activated by DNS-bending 
proteins and curved sequences is that the RNA polymerase 
prefers the end loop of a superhelix (Ten Heggeler-Bordier 
et al., 1992). For a linear interwound superhelix, the second 
end loop will be located exactly opposite the curve on the 
circular plasmid map. Promoters at this position might then 
also be activated. To test this hypothesis, we constructed 
plasm ids where a permanent bend was inserted opposite 
the lacZ gene in pUC18. We find a small (15%) but sig-
nificant increase of ,8-galactosidase activity in the plasmid 
containing the curved insert. Further experiments are in 
progress to verify this result by measuring directly the level 
of transcript in vivo, and by in vitro transcription assays. 

Internal motions of isolated topoisomers 
of small DNA circles (U. Kapp & 
J. Langowski, with G. Chirico, Milan) 

By using an HPLC method (Kapp & Langowski, 1992) 
we prepared pure topoisomers of the mini-plasmid 7fAN13 
(895 bp) in 100 J.Lg} quantities. These amounts were suffi-
cient to perform DLS experiments and compare the results 
with the Brownian dynamics model presented in the last re-
search report (Chirico & Langowski, 1993). Plate 100 shows 
the example of the .6.Lk=-4 topoisomer; the measured "ap-
parent diffusion coefficient" increases with scattering vector 
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in a characteristic manner. The Brownian dynamics (BD) 
model was then used to simulate the Brownian motion of a 
DNA circle of the same size and superhelical density, using 
the known persistence length, torsional rigidity and hydro-
dynamic diameter of DNA. From ten BD trajectories over 
10 J.Ls each we obtained the dynamic structure factor of the 
superhelical DNA, from which we then calculated the same 
apparent diffusion coefficient as measured. The simulated 
data agree with the measurement within experimental error 
(Plate 100), confirming the validity of the BD model. First 
measurements of the fluorescence polarization anisotropy 
decay of ethidium intercalated into this mini-plasmid have 
also been done in collaboration with G. Chirico (Milan). Work 
is in progress to compare these measurements with the 
predictions from the BD model. 
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PLATE 100 

Measured (.c.) and calculate (e) first-cumulant diffusion coefficients 
for the topoisomer of 7rAN13 (895 bp) as a function of the 
squared scattering vector K2. 



PLATE 101 

Brownian dynamics simulation of supercoil formation in a DNA ring 
of 1120 bp, linking number difference Times are in ns. 

1633030 ns 3734.004 ns 

Note the appearance of a local "toroidicity" at around 3 ,"s. The 
lower row shows the final stages of two other trajectories. 

6025.975 ns 10514.419 ns 13188.386 ns 

10991.913 ns 13283.885 ns 13283.885 ns 

Brownian dynamics simulations of DNA 
supercoiling (J. Langowski, with G. Chirico, Milan) 

Using the Brownian dynamics algorithm presented in the last 
research report (Chirico & Langowski, 1993) we calculated 
the kinetics of supercoiling of an 1120 bp DNA circle as a 
function of superhelix density. Starting from a flat DNA circle, 
the relaxation time for supercoiling is 3-6 p,s, without signif-
icant dependence on superhelical density. The interwound 
superhelix is formed by passing through an intermediate 
toroidal state, as can be seen from Plate 101. In recent un-
published work, we have started simulations for longer DNA 
circles (1870 and 3000 bp). We see a drastic slowing down 
of the supercoiling kinetics with DNA length. These studies 
are important in the light of recent theories by Felsenfeld and 
coworkers which predict a displacement of nucleosomes on 
transcribed chromatin by transcription-induced supercoiling 
(Clark & Felsenfeld, 1992). 

Monte-Carlo simulations of superhelical 
DNA structure (K. Klenin & J. Langowski) 

The Monte-Carlo simulations of superhelix structure re-
ported in last year's report were extended to quantify the 
effect of permanent bends in the DNA on intramolecular 

interactions and the branching of the superhelix. The en-
hancement of the local concentration of one DNA segment 
in the vicinity of another on the same DNA by the bend 
could be quantified; e.g., for a 120 0 bend the probability 
that two sites 200 bp away from the bend approach within 
a distance of 10 nm is enhanced by a factor of 10 over the 
control without a bend. These data can be used to predict 
the influence of DNA-bending proteins on the probability 
of interaction of distant sites on the same DNA. In the 
future, we plan to search for naturally-occurring correlations 
between bends in DNA or sites for DNA-bending proteins, 
and regulatory sites. These studies will be done by database 
searches of long contiguous DNA sequences, such as the 
yeast chromosome III. 

Depolarized light scattering of DNA 
fragments and superhelical DNA 
(W. Kremer & J. Langowski) 

The DLS measurements in W. Kremer's thesis (Kremer, 
1992) showed an influence of curved sequences on the 
internal motions of superhelical DNA, however, a change 
in the hydrodynamic radius due to the curvature could only 
be detected in some cases. A more sensitive parameter 
for the overall size of a macromolecule is the end-over-end 
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rotational diffusion coefficient 8, which can be extracted 
from DLS data only with large experimental error 
50%). Depolarized DLS (DDLS) yields this parameter with 
much greater precision. We have therefore started DDLS 
measurements on the plasmid DNAs used in W. Kremer's 
thesis which carry curved inserts, to detect small changes 
in the rotational diffusion coefficient which could be due to 
a change in the branching of the superhelix caused by the 
bend. Another application of DDLS is to measure 8 for linear 
DNA fragments with curved inserts; the translational diffu-
sion coefficients of bp fragments are very insensitive 
to the presence of a permanent bend. Up to now, we could 
only give 90 0 as an upper limit for the bending angle in these 
fragments; the 8 measurements will allow us to determine 
the bending angle much more accurately. 

Crystallogenesis (L. Seignovert & 
J. Langowski, with R. Leberman) 

To understand the conditions which cause protein solutions 
to crystallize we are studying the aggregation of the protein 
solution by dynamic light scattering as precipitant is added 
towards the precipitation point. Earlier it could be shown 
that the absence of aggregates as the protein solution is 
approaching the precipitation point is a necessary, but not 
sufficient condition for crystallization (Thibault et al., 1992). 
This result was purely empirical and should now be put on a 
more solid theoretical basis to gain an understanding of the 
thermodynamics of the precipitation/crystallization process. 
We have therefore developed methods to measure the 
radius of gyration of protein aggregates in the presence of 
the protein monomer by a combination of static and dynamic 
light scattering (Seignovert, Leberman & Langowski, work in 
progress). These studies will eventually allow to establish a 
thermodynamic model of protein aggregation. 
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Diffraction instrumentation group 

Group leader: C. Wilkinson 

Scientists: A. Gabriel, A. Thompson, B. Rasmussen 

Fellow: A. Deacon* 

Assistants: J. Allibon*, F. Cipriani, F. Dauvergne 

Visitors: G. Buldt*, I. Glover*, J. Helliwell*, J. Klaus*, M. Koch*, M. Kocsis*, P. Ledebt*, M.S. Lehmann*, E. Pebay-Peyroula*, F. Nez*, D. 
Richard*, J. Scheffer*, H. Stuhrmann*, R. Templer*, H. Tsuruta*, P. Vachette*, T. Zemb* 

The diffraction instrumentation group is collaborating with 
the European Synchrotron Radiation Facility (ESRF) and the 
Institut Laue-Langevin (ILL) in the exploitation of beam-lines 
for biological experiments and the development of new tech-
niques and instrumentation for protein crystallography. In 
particular, we are responsible for the construction at ESRF 
of a bending magnet beam-line (BL 19) for mUlti-wavelength 
anomalous dispersion (MAD) studies on protein crystals, 
and a crystallographic end-station for the high brilliance 
beam-line BL4, which will be installed on an undulator 
insertion device. Test beams are already available (BL 1, 
BL2 and TROIKA) and the group is assisting the ESRF 
in commissioning these lines and collecting data which 
will be extremely useful in defining design parameters for 
BL 19 and BL4, on which further detail is given below. 
With the present extensive refurbishment of the ILL reactor, 
there has been no possibility recently of collecting neutron 
diffraction data from protein crystals on the low resolution 
neutron diffractometer DB21, which is run jointly with ILL. 
The opportunity to improve the diffractometer is, however, 
being taken. Work is also progressing on the construction 
of LADI, a quasi-Laue neutron diffractometer which is being 
built in collaboration with Mogens Lehmann of ILL. The 
multi-wire proportional counters (MWPC) which have been 
a speciality of the laboratory for some time are being further 
developed and extended to use with neutron diffraction. 
Position-sensitive photomultiplier detectors are also being 
adapted for neutron detection. 

Multi-wavelength anomalous dispersion 
beam-line (BL19) at ESRF 
(A. Thompson, 
A. Deacon & J. Allibon) 

A meeting of international experts was held in Grenoble in 
March 1992 to discuss the design objectives and imple-
mentation of the MAD technique at the ESRF. Following 

PLATE 102 

Layout of beam-line 19 at ESRF, optimized for MAD protein crys-
tallography. 
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the recommendations of this meeting a beam-line design 
has been developed and approved by the Science Advisory 
Committee of the ESRF. The beam-line will be optimized for 
the rapid collection of monochromatic data sets at different 
wavelengths to vary any anomalous contribution to the 
diffraction pattern. The principles of the design are illustrated 
in Plate 102. A plane mirror bent to a cylindrical shape 
renders the beam which diverges from the synchrotron 
source almost parallel. It is then monochromatized by a very 
stable "channel cut" monochromator before being brought to 
a point focus by a toroidal mirror. The wavelength resolution 
of the system will be such as to allow a very fine sampling 
of X-ray absorption edges in the wavelength range 0.7 A to 
2.3 A. The calculated performance of this station is set out 
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Table 7 

Calculated design performance of BL 19 

Intensity ::::::1.0 x 1 012 ph/sec/vertically and 
horizontally integrated/ 0.01 % 
bandpass 

Useful wavelength 0.6A to 2A 
range 

Bandpass Normally 1.6 x 1 0-4, but can be in-
creased by removal of collimating 
mirror or insertion of asymmetric cut 
monochromator 

Focal spot size 0.4 mm x ::::::0.8 mm, depending on 
the achieved characteristics of the 
mirror 

Estimated exposure These are based on a comparison 
times for an with calculated intensities and mea-
image plate sured exposure times on station 

9.5 of the Daresbury SRS, and will 
be in the range 10-20s per degree 
for a "typical" protein with 1 00 mA 
current in the ESRF for a wavelength 
bandpass of 0.01 

in Table 7 (see above) and the expected focal spot shape 
determined by ray tracing using the programme SHADOW 
is shown on Plate 103. Test diffraction patterns have been 
collected in Laue mode from crystals of lysozyme and 
concanavalin A on the multipole wiggler beam-line BL2. 
These wil be used to assess the performance of a low-
energy filtering mirror for restricting the longer wavelengths 
incident on the sample during a Laue experiment, thus 
reducing the radiation damage and improving the quality 
of the data. The mirror is a very thin thightly stretched 
polymer foil, which reflects the softer radiation and transmits 
the shorter wavelengths. Monochromatic beam will become 
available on this beam-line in the early part of 1993 and will 
be used to develop data collection software for the MAD 
method. 

J J 
-1.0 " '" ., 
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Crystallographic endstation for the high 
brilliance beam-line BL4 at ESRF 
(B. Rasmussen & J. Allibon) 

The construction phase of BL4, which is on an undulator 
at the high ,B-section of the storage ring, is scheduled 
to commence in early 1993. The line will provide a high 
monochromatic flux at about 12 keV and will be devoted 
to X-ray studies of macromolecular studies for 50% of the 
time. The crystallographic endstation will be optimized for 
weakly diffracting single crystals of specimens with large 
unit cell dimensions and/or small sample sizes. A multi-axis 
goniostat for sample orientation will be combined with a 
two-dimensional detector system for complete high resolu-
tion data acquisition. Cooling devices capable of reaching 
liquid nitrogen temperatures will be installed in a coaxial 
open stream configuration for routine data collection on 
radiation sensitive samples. An important feature of the 
beam-line will be the implementation of crystallographic 
cryogenic techniques to investigate various biophysical as-
pects of molecular structure-function properties at sub-zero 
temperatures (see below). The instrumentation will also 
allow time-resolved cryogenic studies of selected proteins. 
The instrumentation will initially be developed and tested 
on a conventional rotating anode source in the first half of 
1993 before being installed on the beam-line at the end 
of the year. The crystallographic endstation is expected to 
become available to users in late 1994. 

Protein function above and below 220 K 
(B. Rasmussen) 

A series of three-dimensional structures of ribonuclease 
A complexed with a tight-binding inhibitor has been stud-
ied at various temperatures in the region of 220 K. 
The structures were obtained from cryogenic flow-cell 
diffraction data to investigate the effect of temperature 
on protein flexibility versus catalytic function. An appar-
ent cessation of function was observed below 220 K. 
However, the function was recovered above the transi-
tion temperature, as the inhibitor binds readily above, 
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PLATE 103 

Expected focal spot shape on BL 19 calculated 
using ray tracing program SHADOW. 



but not below that temperature. Ribonuclease A therefore 
appears to go through a phase transition with a loss of 
harmonic motion of the atoms and a corresponding loss 
of function in the region of 220 K. This may be a gen-
eral phenomenon for many proteins, and if so suggests 
a powerful experimental tool which can be used to relate 
enzyme-flexibility to enzyme-catalysis. The high brilliance 
beam-line BL4 (see above) is ideal for extending this work 
to proteins with larger unit cells since high resolution data 
can be collected rapidly on small crystal samples. 

Multi-wire proportional counters 
installed on BL2 at ESRF 
(A. Gabriel & F. Oauvergne) 

PLATE 104 

200 mm x 200 mm multiwire proportional counter X-ray detector 
used on BL2 at ESRF. 

The proven performance record of delay-line MWPC detec-
tors has again been recognized by the choice of a 200 mm 
square detector (Plate 104) as one of the first detectors 
to be used for small-angle scattering measurements on 
beam-line BL2 at ESRF (collaboration with C. Riekel). One 
of the limiting factors in the counting rate achievable by a 
MWPC is the space charge in the detecting gas. To deal 
with this problem the anode-cathode space of the detector 
is considerably less than that used previously. To further 
meet the high counting rate requirements of the ESRF a 
new electronic time-to-digital conversion (TOC) system (built 
by A. Berry at ESRF) is interfaced to the detector by either 
CAMAC or VXE protocols. In this way a counting rate over 
the whole detector of several MHz can be achieved. 

Time-to-digital converter for MWPC 
and position-sensitive photomultiplier 
tube detectors (F. Cipriani) 

A prototype fast TOC based on rapid synchronous os-
cillators has been developed for delay-line readout from 
MWPC and PSM detectors. The TOC can be used for 
one-dimensional (10), two-dimensional (20) and radial inte-
gration (IR) detectors. The electronic layout of the system is 

PLATE 105 

Rapid time-to-digital converter circuit for use with delay line read-out 
from position-sensitive detectors. 
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shown in the diagram (Plate 105). Features of the design 
are a time resolution of 1 ns, a dead time of less than 20 ns 
and a dynamic range of 10 bits in 10, 16, 18 or 20 bits 
in 20 and 9 bits in IR mode. The TOC has been tested 
with 10, 20 and IR detector modes on a fast X-ray system. 
Counting rates for a 20 detector illuminated with a flood field 
of X-rays is shown in the diagram (Plate 106). The results of 
these tests show that it is possible to use a TOC based on 
this rapid oscillator design, and it is believed that by using 
a 1.5 GHz clock the data rates could be further increased. 
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Linearity of performance of time-to-digital converter circuit. 

High accuracy beam pOSition measurement 
(A. Gabriel & F. Oauvergne) 

I.00E+07 

Ionisation chambers have traditionally been used to deter-
mine accurately the position of intense X-ray beams, but the 
progress in the performance of linear and two-dimensonal 
MWPC detectors leads us to suggest that they can now 
be used for this purpose. The MWPC can be filled with 
the detection gas at low pressure, therefore requiring only 
a thin window, which will minimize X-ray absorption. Mea-
surements of beam position can be made several times 
each second, with an accuracy of about +20 microns on 
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a beam 100 microns wide. Tests to determine the utility of 
the technique are being made on BL2 at ESRF. 

D821 diffractometer at ILL 
(C. Wilkinson & J. Allibon) 

Tests which were made before the ILL reactor shut down on 
single crystals of proteins with comparatively small (60 A) 
unit cell edges showed that it is practical to extend the 
range of instrument to examine structures at a resolution 
of 5 A, by installing a "normal" graphite monochromator 
delivering neutrons of 4.75 A wavelength. A carousel for 
automatically changing monochromator crystals has been 
designed and built and is being installed in the neutron 
guide so that neutrons of 4.75 A or 7.53 A can routinely 
be used in experiments. A second two-dimensional MWPC 
position-sensitive detector which will be situated at a high 
diffraction angle is being prepared for use. This will speed 
high-angle data collection on structures with smaller unit 
cells. 

Quasi-Laue neutron diffractometer (LADI) 
(F. Cipriani, C. Wilkinson, A. Gabriel, 
F. Dauvergne, J. Allibon & M.S. Lehmann) 

We are developing a neutron Laue diffractometer equipped 
with several position-sensitive detectors and a beam geom-
etry which allows the selection of a broad wavelength band. 
The successs of such an instrument depends very much on 
the detectors, and those which we are currently investigating 
are position-sensitive photomultiplier tubes (Plate 107) and 
image plates adapted for neutron registration. In the case 
of the photomultiplier, a neutron impinging on a scintillator 
greased on to the front of the tube produces a pulse of 
light which falls on the photocathode. The resulting electron 
shower is amplified by a series of dynode chains and ap-
pears in the form of voltage pulses on a coarse x, y anode 
grid at the rear of the tube. These can be launched on a 
delay-line for each axis and the neutron event co-ordinates 
deduced to an accuracy of about 1 mm by a time of transit 
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PLATE 107 

Hamamatsu three inch square position-sensitive photomultiplier 
tube. 

method. Plate 108 shows the intensity of neutrons passing 
through two cadmium slits, each of width 0.5 mm and 
separated by 5 mm. The full width at half height of the image 
of each slit is about 1.3 mm. The long term stability of the 
tube and its suitability for routine neutron Bragg reflection 
measurement is now being tested by installing it as the stan-
dard detector on a working four-circle diffractometer at the 

PLATE 108 

Neutron image of two cadmium slits each 
0.5 mm wide, separated by 5 mm. 



Paul Scherrer Institute near ZOrich. We have successfully 
measured neutron Laue diagrams with an X-ray image 
plate detector equipped with a Gd scintillating foil (see 
diffraction pattern; Plate 109) and are presently constructing 
an on-line cylindrical image plate reader (Plate 110). The 
neutrons which are Bragg reflected by the crystal at the 
centre of a stationary cylinder pass easily through the alu-
minium cylinder wall to be recorded in a specially designed 
Gd-containing image plate phosphor (collaboration with A. 
Harrison, Oxford University). After an exposure time of about 
30 minutes, the cylinder is spun on its axis at 400 rpm and 
a read head traverses the outside length of the cylinder in 
about 4 minutes, giving a spiral coverage of the cylinder 
surface with a pixel size of 250 microns. 
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PLATE 109 

Laue diagram of a large crystal of triciinic 
hen egg-white lysozyme observed with a 
cold neutron beam. 
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On-line image plate Laue camera for the LADI diffractometer at ILL. 
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Notes: 










