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Front Cover: Nuclear events in mammalian celis 

Several groups at the EMBL work on different aspects of nu-
clear structure and function : regulation of gene transcription , pre-
messenger RNA splicing , nuclear cytoplasmic transport, ribosome 

/ 

biogenesis, nuclear cytoskeleton, cell cycle regulation. For more 
detail see group reports. 



Research Reports 



Table of Contents 

Cell Biology Programme 

Introduction 

The generation and maintenance of 
surface polarity in epithelial cells 
(K. Simons) 

Signals and receptors involved in 
protein localization in the cell 
(B. Dobberstein) 

2 

Page 

5 

5 

6 

9 

Page 

Molecular mechanisms in protein secretion: 14 
formation of neuroendocrine granules 
(W.B. Huttner) 

Molecular mechanisms controlling endocytic 16 
membrane traffic and lysosomal enzyme 
targeting (J. Gruenberg & B. Hoflack) 

Role of microtubules in the spatial 20 
arrangement and movement of cytoplasmic 
organelles (T.E. Kreis) 

Control of the spatial organization of 24 
microtubules in metazoan cells (E. Karsenti) 

The compartments of the endocytic and 27 
exocytic pathways (G. Griffiths) 

Nuclear pores and nucleoli in yeast 31 
and human (E.C. Hurt) 

Molecular mechanisms of intracellular 34 
sorting (D. Vaux) 

Functional properties of cytoplasmic 37 
intermediate filaments and nuclear 
lamins (S.D. Georgatos) 

Differentiation Programme 39 

Introduction 39 

Haematopoietic cell differentiation 40 
analysed by the nuclear oncogenes 
v-myb and v-ets (T. Graf) 

Molecular biology of mammalian 42 
development (U. ROther) 

Tyrosine phosphorylation (SA Courtneidge) 44 

Molecular mechanisms underlying the 46 
control of growth and metabolism by 
RAS and adenylyl cyclase (0. Fasano) 

Homeo-box containing genes and the 49 
molecular biology of vertebrate development 
(D. Duboule) 

Signal dependent transcription regulation 51 
by nuclear proto-oncogene products 
(D. Bohmann) 

The molecular basis of limb pattern 53 
formation (R. Zeller) 

Cell cycle control in yeast and 55 
mammalian cells (G. Draetta) 



Page Page 

Biological Structures and 57 Mechanisms in trans-activation 131 
Biocomputing Programme (H. Stunnenberg) 

Introduction 57 Thyroid-specific gene expression 133 
(R. Di Lauro) 

Structure of DNA-binding and membrane 58 
proteins (D. Tsernoglou) Structural and functional analyses of 135 

mammalian splicing complexes (A.I. Lamond) 
Structural studies on actin and 62 
DNA-binding proteins (D. Suck) Ribonucleoproteins in microorganisms 137 

(D. Tollervey) 
Structure and function of bacterial ionic 67 
channels (F. Pattus) Cytoplasmic gene regulation 139 

(M.w. Hentze) 
Structural basis of intracellular 70 
sorting (S. Fuller) Physical Instrumentation Programme 1.41 

Growth control by ion transport (R. Serrano) 76 Introduction 141 

Electron microscopy and computer image 83 Electron microscope development and 142 
analysis (K. Leonard) STEM applications (M. Haider & A. Jones) 

Three-dimensional structure of light- 89 Microcomputing and data acquisition 147 
harvesting complex from chloroplast (C. Boulin) 
membranes by electron crystallography 
(W. KOhlbrandt) Three-dimensional light microscopy 150 

(E.H.K. Stelzer) 
Protein crystallography, cryo-electron 93 
microscopy of Reoviridae (P. Metcalf) Biochemical Instrumentation Programme 152 

Structural studies of proteins and 97 Introduction 152 
protein-ligand complexes (R.K. Wierenga) 

Development of microanalytical 153 
Crystallographic methods (PA Tucker) 102 techniques (W. Ansorge) 

Membrane protein complexes (M. Saraste) 105 Nucleic acid chemistry (B.S. Sproat) 157 

Experimental elucidation of protein 107 Protein chemistry (R.w. Frank) 159 
folding pathways (T. Creighton) 

Protein chemistry group (R. Kellner) 161 
Design and prediction of protein structures 110 
(C. Sander) Computer Group 162 

Sequence and structure analysis of 116 Computer group (R. Omond) 163 
proteins and genes (P. Argos) 

DNA Data Library 165 
Analysis of protein structures and 121 
NMR structure determination (A. Lesk) Data library group (G. Cameron) 166 

Gene Expression Programme 125 Additional Research Activities 171 

Introduction 125 The Director's group (L. Philipson) 172 

Gene expression (R. Cortese) 126 The Outstations 173 

Synthesis, assembly, structure and function 129 The Outstation at the DESY, Hamburg 175 
of U snRNPs (I. Mattaj) 

The Outstation at the ILL, Grenoble 199 

3 



* indicates part of the year only 
<> indicates part-time work 
Fellows comprise: pre- and postdoctoral fellows 

(EMBL, EMBO and external) 
Visitors comprise: students, trainees, 

visiting workers & visiting scientists 
Assistants comprise: scientific and technical assistants, 

data assistants and supernumeraries 



Cell Biology Programme 

Introduction 

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

Studies of cellular organization at the molecular level ne-
cessitated a departure from the traditional ways that cell 
biologists had been using to study cells. Assays had to be 
developed in which complicated processes could be studied 
in the test tube. Several such assays have been developed 
by different groups in the Programme during recent years. 
The main emphasis is now on identifying the components of 
the machinery responsible for membrane trafficking, micro-
tubule function and cell cycle regulation. These processes 
are being studied in different experimental systems with 
a combination of morphological, biochemical and genetic 
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 Sec4-Ypt-1 family of GTP-binding proteins. More 
than twenty 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. 

It is obvious that our tools for studying the basic mechanisms 
for generating and maintaining cellular organization have to 
be improved. This is the second important task of the Cell 
Biology Programme. We are collaborating with the confocal 
light microscopy group in the Physical Instrumentation Pro-
gramme to develop microscopic assays for assaying 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. The characterization of the 
machinery responsible for cellular organisation 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. 
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The generation and maintenance of surface polarity in epithelial cells 

Group leader: K. Simons 

Scientist: M. Zerial 

Fellows: A. Bri:indli*, C. Bucci*, P. Chavrier, C. Dotti, L. Huber*, T. Kobayashi*, T. Kurzchalia 

Visitors: E. Lehtonen, I. Mather* 

Assistants: R. Jelinek*, J. Lauer*, H. Virta 

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

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

Biosynthetic sorting in the trans-Golgi 
network (T. Kobayashi & T. Kurzchalia) 

Our working model for the constitutive delivery of membrane 
and secretory proteins to the apical and basolateral domains 
in MOCK cells consists of two pathways from the trans-Golgi 
network (TGN). Several lines of evidence suggest that the 
sorting into the apical pathway is signal-mediated while the 
basolateral seems to operate by default. Not only do apical 
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proteins have to be recognized by specific sorting proteins 
but glycosphingolipids and glypiated proteins have to be 
sorted 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 and specific 
proteins. Recent results have demonstrated that some of 
the apical proteins are complexed to each other and/or 
to the newly synthesized influenza virus haemagglutinin. 
This complex can be extracted from the vesicles with the 
aid of the zwitterionic detergent, CHAPS. On the other 
hand, the basolateral VSV glycoprotein is not in a CHAPS 
complex. Cross-linking studies using bifunctional dithiobis 
(succinimidyl propionate) have identified a small subset of 
the proteins in the apical CHAPS complex in tight contact 
with the influenza haemagglutinin. 

Studies are now in progress to isolate these proteins and 
characterize them functionally. For this purpose, in vitro 
assays are being constructed using perforated cells to fol-
low the budding, targeting, and delivery of both the apical 
and the basolateral carrier vesicles from the TGN to the 
respective cell surface domain. 

Endocytosis and transcytosis in 
MOCK cells (A. Brandli) 

Epithelial cells continuously endocytose their apical and 
basolateral membranes. Four different pathways have been 
described for the internalized membrane components. Most 
of the membrane must be recycled back from early endo-
somes to the cell surface to replace the membrane lost. One 
fraction is transported further along the endocytic pathway, 
terminating in the Iysosomes. Another fraction is delivered 
to the TGN where the biosynthetic and endocytic transport 



pathways meet. A fourth pathway involves membrane traf-
fic across the cell connecting the apical and basolateral 
membranes by transcytosis in both directions. We have 
previously shown that in the filter-grown MOCK cells, the 
apical and the basolateral endocytic circuits are organized 
in such a way that endocytosis from the two surface domains 
occurs into distinct sets of apical and basolateral early en-
dosomes, underlying the respective surface domain. These 
early endosomes have been shown to be responsible for 
the bulk of membrane recycling at each surface domain as 
well as for transcytosis. No mixing of endocytic markers, 
applied simultaneously on both sides of the MOCK cell layer, 
is observed in the early endosomes. The apical and the 
basolateral pathways meet first in the next station on the 
endocytic pathway which is the perinuclear late endosomes. 
From this common compartment, endocytic markers are 
delivered to Iysosomes, situated in the apical half of the 
cell. 

Receptors for nutrients, growth factors and hormones are 
usually expressed on the basolateral side. The transferrin 
receptor, for instance, internalizes transferrin into basolat-
eral early endosomes (where iron is released) and recycles 
the apotransferrin to the basolateral side. Less than 0.2% of 
the apotransferrin reaches the apical side. The basolateral 
epidermal growth factor (EGF) receptor, on the other hand, 
carries EGF rapidly into the MOCK cell via early and late 
endosomes for degradation in the Iysosomes. We have 
found that about 5% of the internalized EGF is transcy-
tosed to the apical side. However, the transcytosis is not 
receptor-mediated but seems to be due to dissociation from 
the receptor in early endosomes and delivery of EGF in the 
fluid phase to the apical medium. 

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

Recent studies in several laboratories have shown that 
Ras-like GTP-binding proteins play an important role in 
membrane traffic. The first two to be characterized were 
Ypt-1 and Sec4 proteins from Saccharomyces cerevisiae. 
We have cloned and sequenced nine ypt-1 /sec4-like genes 
encoding for proteins termed Rab from a MOCK cDNA 
library. Among these, Rab2 has been localized to a com-
partment between the endoplasmic reticulum (ER) and the 
Golgi complex, Rab5 to early (presumably basolateral) en-
dosomes, and Rab7 to late endosomes. Rab5 has been 
shown to regulate early endosome fusion in vitro (see re-
port by Jean Gruenberg). Its involvement in endocytosis is 
currently being evaluated in vivo making use of recombinent 
Rab5 and Rab5 mutant vaccinia virus. Domain-switching 
experiments have demonstrated that the C-terminal region 
is involved in the specific localization of Rab2, Rab5, and 
Rab7 to their respective organelles. For instance, an N-
terminal 181 residue long Rab5 reporter-fragment fused to 
the C-terminal (34 amino-acids) end of the Rab7 protein 
was targeted to late endosomes. The characterization of 
the proteins responsible for the specific association of Rab 
proteins with their target membrane will be crucial to under-
stand how membrane traffic is controlled. The identification 

of the targeting signal on the Rab proteins should facilitate 
this task. Using a polymerase chain reaction (PCR)-based 
approach, 12 new sequences belonging to the ypt-1/sec4 
family have been identified. These are now being further 
characterized. Two-dimensional gel electrophoretic analysis 
(using GTP-ligand blotting) has demonstrated that purified 
apical and basolateral carrier vesicles contain both common 
and specific GTP-binding proteins. We are now searching 
for these proteins in the family of GTP-binding proteins that 
have been identified by cDNA cloning. 

Identification of genes required for 
generating and maintaining epithelial 
organization (P. Chavrier, M. Zerial) 

We are continuing a new project to identify genes neces-
sary for generating and maintaining epithelial organization. 
The experimental model that we are using is the mouse 
metanephric mesenchyme. This long-term project is done in 
collaboration with Dr. Eero Lehtonen and Prof. Lauri SaXEln 
at the Department of Pathology in Helsinki. The mesenchy-
mal blastema can be dissected from 11 day old mouse 
embryos and induced in vitro to differentiate into kidney 
epithelial cells. Differential screening with DNA probes from 
both the uninduced metanephric mesenchyme and from 
the 42 hr epithelial stage is being performed to identify 
epithelial-specific genes. Those genes that are switched 
on after induction will be tested for expression in mouse 
epithelial cell lines, and the subset common to epithelial cells 
will be further characterized. 

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

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

Primary cultures of fretal rat hippocampal neurons have 
been used to study this question. These cells undergo a se-
quence 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 in order to become the cell's den-
drites. Finally, the axons form synapses with the dendrites 
and the cell bodies of other neuronal cells in the culture. 
When these neuronal cultures are infected with influenza 
virus and with VSV before synapses have been formed, 
the haemagglutinin and the VSV glycoprotein are delivered 
to all processes of the cell, including the axon. However, 
after synapses have been formed, the situation has radically 
changed. The delivery of the newly synthesized influenza 
haemagglutinin (apical in MOCK cells) is transported mainly 
to the axon whereas the delivery of VSV glycoproteins (ba-
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solateral) is strictly somato-dendritic. To investigate whether 
other membrane proteins showed similar sorting in neurons 
and epithelial cells we have analysed the localization of 
a glypiated (glycosylphosphatidylinositol-anchored) protein, 
Thy-1, in hippocampal neurons in culture. In MDCK and 
other epithelial cells endogenous glycosylphosphatidylinos-
itol (GPI)-anchored proteins as well as mutated exogenous 
proteins containing the GPI-attachment signal undergo pref-
erential delivery to the apical surface. This polarized sorting 
of GPI-anchored proteins has been proposed to occur by 
the same mechanisms as the sorting of glycolipids to the 
apical surface. We have found that the neuronal GPI-protein 
Thy-1 is present in hippocampal neurons in culture and 
is exclusively located on the axonal surface. This finding 
strengthens our hypothesis that the mechanisms of sorting 
of surface components may be similar in neurons and ep-
ithelial cells. Further studies will be directed to find out how 
similar the mechanisms are, operating to create the char-
acteristic membrane composition ofaxons and dendrites of 
neurons and the apical and the basolateral membranes of 
MDCK cells. 

Publications during the year 
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317-329 
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Signals and receptors involved in protein localisation in the cell 

Group leader: B. Dobberstein 

Fellows: O. Bakke, S. High, H. LOtcke, J. Pieters, K. R6misch 

Visitors: S. Prehn*, S. Zachgo* 

Assistants: A. Ashford, A. Giner 

To perform their appropriate function many proteins have to 
be translocated across the membrane of the endoplasmic 
reticulum (ER) and subsequently sorted by vesicular traffic 
to various compartments of the cell. We analyse protein traf-
fic in cells by identifying and characterizing the signals and 
receptors involved and by reconstitution of these processes 
in cell free systems. 

Secretory and membrane proteins are translocated across 
or inserted into the membrane of the ER in eukaryotic cells. 
This process is mediated by a signal sequence, is GTP 
dependent and involves several components, among them 
signal recognition particle (SRP), docking protein (DP) or 
SRP receptor and signal sequence receptor (SSR). Proteins 
then have to be transported from the ER to various destina-
tions inside or outside the cell. Our group is interested in (1) 
a structural and functional characterization of SRP and other 
components involved in protein targeting to and insertion 
into the ER, (2) identification of signals that mediate protein 
insertion into the membrane and (3) the identification and 
characterization of signals and receptors for sorting of class 
II major histocompatibility (MHC) molecules in the secretory 
and endocytic pathway. 

Structural and functional analysis 
of components of SRP 

In mammalian cells, secretory and most membrane proteins 
are targeted to the membrane of the ER during their syn-
thesis. This process is mediated by SRP which interacts 
with the signal sequence of nascent proteins and arrests 
or retards their further elongation. This arrest is released 
when SRP interacts with the DP in the ER membrane (Plate 
1 ). 

SRP is a ribonucleoprotein particle consisting of six different 
polypeptides of 72, 68, 54, 19, 14 and 9 kDa and a 7S 
RNA (SRP7S RNA). Reconstitution and cross-linking stud-
ies have revealed, that SRP can structurally and functionally 
be divided into at least three distinct domains. The 5' and 3' 
Alu-like RNA segments together with the SRP9/14 proteins 

are required for the SRP mediated arrest of polypeptide 
chain elongation; the SRP54 protein makes contact to the 
signal sequence and the SRP68/72 proteins are important 
for the interaction with the ER membrane (for review see 
Siegel & Walter, 1988). DP consists of a cytoplasmically 
exposed 72 kDa 0 subunit (DPo) and a 30 kDa membrane 
integrated f3 subunit. To characterize the molecular inter-
actions between signal sequence, SRP and DP we have 
cloned and characterized cDNAs coding for SRP proteins 
and are currently determining the functions of the four larger 
SRP proteins. 

The methionine-rich domain of SRP54 binds 
specifically to RNA and is in close proximity 
to the signal sequence 

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 uncharged amino-acid residues. They are nevertheless 
recognized by one and the same receptor molecule, the 
SRP54. 

SRP54 can be divided into three distinct regions, a central 
region (amino-acids 100-300) which contains three highly 
conserved consensus elements indicative for guanine-
nucleotide binding sites (G), an N-terminal region (aa 1-100) 
(N) and a C-terminal methionine rich region (M). Known 
GTP-binding proteins (Ras, EF-Tu and EF-G) constitute 
a family of proteins that use GTP hydrolysis to drive the 
sequential binding of biological molecules to a series of 
reaction partners. Two functions of SRP54 are known: bind-
ing to the RNP particle and to the signal sequence. We 
could show that the SRP54M domain is necessary and 
sufficient for the binding of SRP54 to the particle. This was 
deduced from reconstitution experiments using deletions of 
the SRP54 protein and anti-peptide antibodies (R6misch et 
at., 1990). SRP54 and also its M domain alone specifically 
can also bind to 4.5S RNA of E.coli and 6S RNA of B.subtilis 
and thus SRP54 can be considered as RNA-binding protein 
(R6misch et at.,1990). 
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PLATE 1 

Model and steps in the translocation of proteins across the mem-
brane of the endoplasmic reticulum (ER). 

(1) The signal sequence in nascent secretory and membrane 
proteins interacts with the signal recognition particle (SRP). 
Binding site for the signal sequence is the methionine-rich 
domain of the 54 kDa protein of SRP. 

(2) After docking to the ER membrane and contact with docking 

I 

Using a cross-linking approach and anti-peptide antibodies 
it was found that the signal sequence interacts with the 
SRP54M domain. The smallest fragment that was found 
to be cross-linked to the signal sequence comprised the 
C-terminal 6 kDa segment of the SRP54M domain (High & 
Dobberstein, 1991). Thus both the RNA binding and signal 
sequence binding functions of SRP54 are performed by the 
SRP54M domain (Plate 1). It will be interesting to analyse 
the structural features of this domain and the interactions 
with the signal sequence and the 7SRNA in detail. 

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

A structural homology between part of SRP7S RNA and 
Ecoli 4.5S RNA has previously been observed by several 
groups (Zwieb, 1988; Poritz et al., 1988). The region of 
homology includes the site where the SRP19/SRP54 binds 
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protein (DP) the signal sequence is released in a GTP-
requiring step and the nascent chain inserts into the mem-
brane in close proximity to the "signal sequence receptor" 
(SSR) and other less well characterized proteins. Among them 
is a 37 kDa protein of the ER membrane which may be 
involved in membrane insertion of certain membrane proteins. 

(3) The signal sequence may then be cleaved and the nascent 
chain translocated across the membrane. 

to the 7S RNA. As SRP54 was found to be homologous to a 
48 kDa protein of Ecoli (P48 or Ffh) (R6misch et al., 1989; 
Bernstein et al., 1989) we tested binding of SRP19, SRP54 
and of P48 to 4.5S RNA. Surprisingly we found that the 
SRP54 and the P48 bind specifically to Ecoli 4.5S RNA and 
that the SRP19 is not required for this binding. We conclude 
that SRP54 and P48 are RNA binding proteins and that the 
binding of SRP19 to the SRP7S RNA makes the SRP54 
binding site on the RNA available. 

When attempting to over-express SRP54 or P48 in Ecoli we 
observed a growth retardation, a change to an elongated 
morphology and an accumulation of pre-,B-Iactamase. We 
conclude from these results and from results obtained by 
Veronique Ribes and David Tollervey (see report by Toller-
vey) that Ecoli 4.5S RNA and P48 form a RNP particle 
(4.5S RNP) that is the structural and possibly also functional 
homologue of part of SRP. Ecoli 4.5S RNP lacks a region 
homologous to the translation arrest domain in SRP. We 



propose that 4.5S RNP interacts on the ribosome with the 
signal sequence of some secretory proteins, keeps the 
signal sequence available for membrane interaction and 
guarantees that precursor proteins are released in a translo-
cation competent conformation with the signal sequence 
exposed (Ribes et al., 1990). 

SRP68, SRP72 

It has been suggested that 68 kDa and 72 kDa proteins of 
SRP (SRP68 and SRP72) playa role in the interaction of 
the SRP-arrested ribosomal complex with the ER membrane 
(Siegel & Walter, 1988). To elucidate molecular structures 
and functions of these molecules we have cloned cDNAs 
coding for the SRP68 and SRP72. From sequence analysis 
of the cDNAs we deduce that the SRP68 is a basic protein of 
622 amino-acid residues. It has a glycine-rich region close to 
the N-terminus that is also found in some other RNA-binding 
proteins. SRP68 does not bind to SRP7S RNA on its own. 
No striking homology to other known proteins was found 
(Herz et al., 1990). 

The deduced amino-acid sequence for SRP72 revealed a 
basic protein (pi of 9.99) with 671 amino-acid residues 
and a calculated molecular weight of 74,000. A cluster of 
basic amino-acid residues is found in the C-terminal region 
(LOtcke et al., in preparation). In vitro expressed SRP68 
and SRP72 are now being used to elucidate the functions 
of these proteins. 

Requirements for membrane targeting 
and insertion of secretory and 
signal-anchor-type membrane proteins 

A signal sequence can be cleaved, as in the case of most 
secretory proteins, or remain uncleaved. Uncleaved signal 
sequences can mediate membrane targeting, insertion and 
anchoring. They are therefore also called signal-anchor (SA) 
sequences. There are two types of SA-sequences, those 
mediating the translocation of the N- and those mediat-
ing the translocation of the C-terminus of a protein. The 
mechanism for N- or C-terminal translocation is still un-
known. Using mutated secretory and membrane proteins 
we found that three segments contribute to the function 
of an SA sequence: the central hydrophobic region and 
the flanking hydrophilic segments. The charged amino-acid 
residues in the regions flanking the hydrophobic core of an 
SA-sequence were proved to determine membrane orien-
tation (Dobberstein, B., Flint, N., Haeuptle, M-T. & Lipp, J., 
submitted). 

To search for cytoplasmic or membrane components in-
volved in membrane insertion of SA-proteins we used 
a posttranslational assay system. Nascent chain/ribo-
some/SRP complexes were isolated and requirements for 
membrane insertion tested. Membrane insertion was found 
to be dependent on GTP and to be blocked by the presence 
of GDP. Besides ribosome-bound SRP no other cytoplasmic 
components were found to be required for membrane inser-
tion of SA-proteins (High, Flint & Dobberstein, in press). 

Using a cross-linking approach it was found that SA-
sequences like cleaved signal sequences exclusively in-
teract with SRP54 during targeting to the ER membrane. 
Furthermore, after docking on to the ER membrane release 
of the signal or SA-sequence from the SRP54 requires 
the presence of DP and GTP. Upon membrane insertion 
both type I and type II SA-proteins interact with several 
components. Among them is the a subunit of the so-called 
signal sequence receptor (SSR), previously identified by 
its interaction with nascent preprolactin (Wiedmann et al., 
1987). The main contact site for the type I SA-sequence 
was found to be the cytoplasmically exposed domain of a 
37 kDa protein. This protein is distinct from the SSRa as it 
is not glycosylated and larger than any subunit of the SSR 
(High et al., in press). Further characterization of this protein 
is in progress. 

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

Cross-linking studies have shown that nascent preprolactin 
interacts with a glycosylated 34 kDa ER membrane protein. 
This protein has been isolated and termed signal sequence 
receptor (SSR) (Wiedmann, et al., 1987). Later, SSR was 
found to be composed of at least two subunits, a 34 kDa a 
and a 25 kDa f3 subunit. cDNAs coding for these proteins 
have been isolated and characterized by sequence analysis. 
Both subunits span the membrane close to their C-terminus 
and expose a short C-terminal segment on the cytoplasmic 
side (Prehn et al., 1990; Gorlich et al., 1990). The f3 subunit 
contains the proposed ER-retention signal in its C-terminus 
(Jackson et al., 1990). 

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

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

Ii is intracellularly associated with class II MHC-molecules 
and it has been proposed to regulate binding of antigenic 
peptides to class II MHC-molecules. It is also supposed to 
determine transport to sites where class II MHC-molecules 
can bind to processed antigen (Koch et al., 1989). In col-
laboration with Gareth Griffiths (EMBL) we investigated the 
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PLATE 2 

Intracellular transport and processing of class II MHC-molecules 
and associated invariant chain (Ii). 

(1) In the ER Ii assembles with the a and f3 chains of the class 
II MHC-molecules. Some of the Ii molecules are processed to 
P25. 

(2) In post-Golgi and endosomal compartments Ii is processed 
succesively to P22, P18 and P12. Processing to P18 and P12 
can be inhibited by leupeptin. 

(3) The \a and f3 chains appear on the cell surface, no or very 
little Ii. 

(4) P25 containing complex type carbohydrate side-chains can 
be found secreted in the medium. It is proposed, that 
Ii regulates the intracellular transport of class II MHC-
molecules and possibly their binding of antigenic pep-
tides. 

intracellular processing and localization of class II MHC-
molecules and Ii. We found that Ii chain is proteolytically 
processed at two distinct sites, in the ER and in endosomal 
compartments. Processed Ii chains lack either the proposed 
sorting domain (cytoplasmic) or the domain interfering with 
peptide binding (extracytoplasmic) (Plate 2). Ii and some of 
the class II antigens colocalize in endosomal/prelysosomal 
compartments (Pieters et al., submitted for publication). The 
protease inhibitor leupeptin was found to inhibit endosomal 
processing of Ii and to lead to an accumulation of multivesic-
ular transport vesicles containing Ii (Zachgo et al., unpub-
lished results). It is conceivable that proteolytic processing 
is an essential step in the transport of class II MHC- and 
other proteins between certain endosomal compartments. 

As class II MHC-proteins in the absence of Ii can be trans-
ported to the cell surface we suspected that Ii contains 
biosynthetic sorting information for an endocytic compart-
ment. Monkey COS cells do not express detectable amounts 
of class II MHC-proteins and Ii chains expressed in these 
cells are found in endosomal compartments. To localize the 
sorting signal in Ii we deleted portions from its cytoplasmic 
tail (N-terminus). After transient expression in COS cells we 
found that deletion of 15 or more amino-acid residues from 
the N-terminus of Ii results in loss of intracellular sorting of 
Ii and its surface expression (Bakke & Dobberstein, 1990). 
The presence of a sorting signal on Ii and the fact that 
Ii is intracellularly associated with class II MHC-molecules 
suggests that Ii determines the intracellular transport and 
location of class II MHC-molecules. This finding sheds new 
light on the sites where class II MHC-molecules can interact 
with processed antigen. 

Publications during the year 

Bakke, O. & Dobberstein, B. (1990). MHC class 11-
associated invariant chain contains a sorting signal for en-
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Molecular mechanisms in protein secretion: formation of neuroendocrine granules 

Group leader: W.B. Huttner 

Scientists: H.-H. Gerdes*, SA Tooze* 

Fellows: F. Barr, E. Chanat, H.-H. Gerdes*, A-R. LOtcke, C. Niehrs*, S. Pimplikar, A Regnier-Vigouroux, J. Stinchcombe 

Visitors: E. Aaku-Saraste*, T. Flatmark*, P. Rosa*, C. Vannier 

Assistants: R. BeiBwanger*, O. Braunling*, G. Fismer*, A King, U. WeiB* 

The storage organelles for neuropeptides and peptide hor-
mones, called large dense core vesicles in neurons, se-
cretory granules in endocrine cells, or collectively neu-
roendocrine granules, have a central role in the regulated 
secretion of these signalling molecules. Neuroendocrine 
granules are formed in the trans-Golgi network (TGN) and 
are characterized by a specific content and membrane 
composition. Their biogenesis involves the sorting of a 
specific set of secretory and membrane proteins. We are 
interested in the molecular mechanisms underlying these 
sorting events, as well as in the process of formation of 
neuroendocrine granules in general. We use the granins 
(chromogranins/secretogranins) (for review, see Huttner et 
al., 1991) as markers to monitor the biogenesis of neuroen-
docrine granules and as model proteins to study the sorting 
of secretory proteins to these organelles. 

Sorting of the granins in the TGN 
via selective aggregation 

We have continued our efforts to obtain evidence in support 
of the hypothesis (Huttner et al., 1988) that a selective 
aggregation of the granins, induced by the specific lumenal 
milieu of the TGN, is a key step in the sorting process. 
Extending previous work showing that low pH and calcium 
promote the selective aggregation of secretogranin II in 
vitro (Gerdes et al., 1989), Eric Chanat has established a 
system using perforated TGN vesicles from PC12 cells to 
investigate the aggregation of the granins in the lumen of 
the TGN. He has found that under conditions corresponding 
to the putative lumenal milieu of the TGN (pH 6.4, 10 mM 
Ca2+) the granins do exist in an aggregated form, and that 
constitutive markers are excluded from such aggregates. 

Sanjay Pimplikar has continued to study a membrane-
associated form of chromogranin B (secretogranin I) existing 
in PC12 cells. Upon stimulation of regulated secretion, this 
membrane-associated form of chromogranin B is transiently 
exposed at the cell surface. Biochemical studies show that 
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this chromogranin B is tightly associated with the mem-
brane, presumably to an integral component of the secre-
tory granule membrane. We believe that this membrane-
associated form of chromogranin B is involved in the aggre-
gation of the granins in the TGN and in the envelopment 
of the aggregates by membrane as the immature granule 
forms. 

Since the sorting of the granins in the TGN appears to be an 
aggregative process, the precise structural features relevant 
for sorting cannot be easily identified by mutation of the 
available granin cDNA clones and their transfection into neu-
roendocrine cells, unless the synthesis of the endogenously 
produced granins is blocked. Hans-Hermann Gerdes, in 
collaboration with Henk Stunnenberg and Heinz Horstmann, 
has used recombinant vaccinia virus to express individual 
granins under conditions in which there is no endogenous 
granin synthesis. The results indicate that chromogranin B, 
when present as the only regulated secretory protein in 
the TGN of PC12 cells, is packaged into vesicles that can 
undergo regulated exocytosis. 

Membrane proteins 

To complement our knowledge about the sorting of secre-
tory proteins we are interested in studying the traffic of 
membrane proteins to neurosecretory vesicles. Jane Stinch-
combe has purified neuroendocrine granules from PC12 
cells to near morphological homogeneity. She has shown 
that the membrane-associated chromogranin B can be used 
as a marker to purify the granule membrane, which in turn 
has allowed her to characterize the membrane proteins of 
neuroendocrine granules of PC12 cells. 

Anne Regnier-Vigouroux has studied, in PC12 cells, the 
exit from the TGN of synaptophysin, an integral membrane 
protein characteristic of small synaptic vesicles. She has 
found that the bulk of sulfate-labelled synaptophysin exits 
from the TGN in vesicles that are indistinguishable from 



those containing a constitutive marker. This implies that 
the synaptic-like microvesicles in PC12 cells do not orig-
inate from the TGN or from immature secretory granules 
but rather from the plasma membrane or an endosomal 
compartment. 

Biogenesis and maturation of immature granules 

We have continued to study the biogenesis of immature 
granules from the TGN using a cell-free system previously 
established by Sharon Tooze (Tooze & Huttner, 1990). 
Interestingly, the formation of both constitutive secretory 
vesicles and immature secretory granules is inhibited by 
non-hydrolyzable GTP analogues, suggesting an involve-
ment of GTP-binding proteins in this process (Tooze et al., 
1990). Thus, GTP-binding proteins appear to exert a more 
widespread role in vesicular traffic than previously assumed, 
being involved not only in the targeting of vesicles to the 
appropriate acceptor compartment but also in the formation 
of vesicles from donor compartments. To dissect further 
the cytoplasmic machinery required for granule formation, 
Francis Barr has established a modified version of the 
cell-free system which will allow us to investigate the role 
of individual proteins. 

Sharon Tooze has studied the fate of the immature secretory 
granule formed from the TGN in PC12 cells. Immature se-
cretory granules have been proven to be obligatory organel-
lar intermediates in granule biogenesis. Their maturation 
appears to involve their fusion with each other to form larger, 
as well as denser, granules which are then stored in the 
cell. Although an intermediate, immature granules possess 
some of the properties thought to be characteristic of mature 
granules, e.g. the ability to undergo regulated exocytosis. 

Retention of TGN membrane proteins 

During the process of granule formation, membrane pro-
teins important for the function of the TGN are retained 
in this compartment. We are interested in studying the 
molecular basis of this retention using tyrosylprotein sulfo-
transferase (TPST), an integral membrane protein of the 
TGN that catalyzes the tyrosine sulfation of the granins 
and other proteins (Hille et al., 1990; Hille & Huttner, 
1990), as a model protein. Christof Niehrs has obtained 
evidence for the existence of a peripheral membrane protein 
that is tightly associated with TPST. The previous purifi-
cation of TPST to homogeneity (Niehrs & Huttner, 1990) 
and the detailed characterization of its substrate specificity 
(Niehrs et al., 1990a, 1990b) have been used by Chris-
tian Vannier as a basis to work towards the isolation of 
TPST cDNA clones, a prerequisite for the retention stud-
ies. 
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Molecular mechanisms controlling endocytic membrane traffic and lysosomal enzyme targeting 

Group leaders: J. Gruenberg, B. Hoflack 

Fellows: N. Emans, T. Ludwig, S. Meresse, O. Steele-Mortimer* 

Visitors: M. Bomsel*, G. Freiss*, J.-P. Gorvel, M. Humbert*, V. Marjomaki*, F. Pischedda*, P. Schrotz, A. Subtil* 

Assistants: U. Bauer, J. Coleman*, C. Walter 

Lysosomes are degradative organelles connected with the 
plasma membrane and the Golgi apparatus by two path-
ways (endocytic and biosynthetic). These pathways meet 
in endosomes. Our interest is to understand at the molec-
ular level the mechanisms regulating sorting of membrane 
proteins and membrane traffic along defined steps of these 
pathways. Our goals are to elucidate the mechanisms con-
trolling sorting of membrane proteins, vesicle formation, 
vesicle-vesicle interaction and fusion. 

Molecular components involved in the 
regulation of endocytic membrane 
traffic (J. Gruenberg, J.-P. Gorvel, M. Bomsel, 
N. Emans, O. Steele-Mortimer, P. Schrotz, 
J. Coleman, C. Walter) 

We are continuing our efforts to investigate the mechanisms 
which regulate membrane traffic in the endocytic pathway. 
Our approaches combine subcellular fractionation with bio-
chemical analysis, as well as morphological studies in col-
laboration with Gareth Griffiths and Rob Parton. To study this 
pathway at the molecular level, we have established a cell-
free assay that measures the fusion of endocytic vesicles. 
Using this assay, we have reconstituted two endosomal 
fusion events, corresponding to an early and a late stage 
of the pathway, respectively (review, Gruenberg & Howell, 
1989; Tuomikoski et al., 1989; Bomsel et al., 1990; Gorvel 
et al., in press). 

Early endosomal fusion event 
(J.-P. Gorvel, O. Steele-Mortimer, P. Schrotz, 
J. Coleman & C. Walter) 

Our data indicate that both organelle partners of the early 
fusion event are early endosomal elements (Gruenberg et 
al., 1989). This lateral fusion activity suggests that early 
endosomes may be organized in a dynamic network in vivo, 
forming a single functional compartment (Gruenberg & How-
ell, 1989). Recent electron microscopy studies in collabora-

16 

tion with Rob Parton support this view. Cell surface proteins 
were biotinylated and then internalized in the presence of 
low concentrations of avidin. Aggregates of interconnected 
early endosomes could then be observed and sometimes 
appeared as a single-copy organelle. We believe that the 
cross-linking of internalized biotinylated proteins, mediated 
by avidin within the lumenal space, prevented the normal 
occurrence of fission events, which are required to maintain 
a dynamic compartment. 

We have studied some of the mechanisms involved in the 
control of early endosome fusion. One of our projects is to 
make use of the inhibition of fusion observed in the presence 
of the cell cycle control cdc2 kinase (Tuomikoski et al., 1989) 
to identify possible targets of the kinase. This fusion pro-
cess is highly specific both in polarized and non-polarized 
cells, suggesting the involvement of specific recognition 
molecules (Gruenberg et al., 1989; Bomsel et al., 1990). 
Several lines of evidence suggest that each step of mem-
brane traffic may be regulated by a small molecular weight 
GTP-binding protein of the RAB sub-family (see Kai Si-
mons' report). Since RabS localizes to early endosomes and 
plasma membrane (Chavrier et al., 1990), we have studied 
its role in the process of early endosome fusion (Gorvel et 
al., in press), in collaboration with Philippe Chavrier, Marino 
Zerial & Kai Simons. We observed that anti-RABS antibodies 
inhibited fusion of early endosomes in vitro, whereas anti-
bodies against other Rab proteins had no effect. The fusion 
activity could then be rescued by the presence of cytosol 
prepared from cells over-expressing WT RABS, whereas 
cytosols prepared from cells over-expressing mutants of 
RabS had no effects. The mutants we used had either a 
single point mutation in the consensus GTP-binding domain 
or a deletion of the consensus membrane-attachment site. 
These experiments suggest that RabS is involved in the 
regulation of early endosome recognition and/or fusion (con-
sistent with inhibition by GTPl'S). Our data also indicate that 
GTP binding and/or hydrolysis is necessary in this process. 
Finally, these observations demonstrate that the assay can 
be complemented by a cytosolic form of RabS. This cytosolic 
form may become membrane-attached during one round of 



fusion, presumably via the addition of an aliphatic chain, 
since deletion of the consensus membrane attachment site 
abolishes Rab5 action. 

We are now investigating the mechanisms which mediate 
the interactions of Rab5 with early endosomes in more 
detail. The post-translational modifications which are likely 
to mediate the attachment of Rab5 to the membrane are 
not known. Neither is it known whether Rab5 can undergo 
cycles of membrane-attachment and dissociation at each 
round of recognition and fusion. Finally, our observations in 
polarized Madin-Oarby canine kidney (MOCK) cells indicate 
that the specificity of recognition/fusion is different for apical 
and basolateral early endosomes (Bomsel et al., 1990). In 
fact, baby hamster kidney (BHK) early endosomes can fuse 
with basolateral but not apical MOCK early endosomes. 
Whether Rab5 is involved in the fusion of basolateral early 
endosomes is not clear yet. A comparative analysis will 
be used to investigate the mechanisms responsible for the 
specificity of apical and basolateral pathways. 

Late endosomal fusion event 
(M. Bomsel, N. Emans & C. Walter) 

After leaving the early endosomes at the cell periph-
ery, internalized tracers appear sequentially in large 
(multivesicular-body like) vesicles, then in late endosomes in 
the perinuclear region and eventually in Iysosomes (Gruen-
berg et al., 1989). However, in the absence of microtubules, 
markers remain in the large vesicles and do not appear in 
late endosomes. We therefore proposed that these vesicles 
are endosomal carrier vesicles involved in the microtubule-
dependent transport between early and late endosomes. 

In polarized MOCK cells, apical and basolateral endocy-
tosis each proceed through a distinct population of early 
endosomes and carrier vesicles, whereas both pathways 
meet in late endosomes (Bomsel et al., 1989; Parton et 
al., 1989). We have reconstituted the meeting process in 
vitro (Bomsel et al., 1990). Our data suggest that each 
population of carrier vesicles undergoes fusion with the 
common late endosomes. This in vitro process is facilitated 
by the presence of polymerized microtubules, as in vivo, as 
well as by microtubule-binding proteins. In particular, both 
mechanochemical motors, cytoplasmic dynein and kinesin, 
which mediate transport of organelles on microtubules in 
opposite directions, are required for the meeting process 
in vitro. This finding, together with the organization of mi-
crotubules (Bacallao et al., 1989) and the distribution of 
endosomes in MOCK cells (Bomsel et al., 1989), suggest 
that apical and basolateral carrier vesicles use different 
motors and move in opposite directions along microtubules 
in vivo. 

We have now made a major effort to isolate carrier vesicles 
from BHK cells for biochemical and morphological analysis, 
using a flotation gradient (Gorvel et al., 1990) combined with 
immuno-isolation (see Howell et al., 1989). Carrier vesicles 
exhibit a complex organization of internal membranes, which 
presumably are formed by invaginations within the lumenal 
space. This process, as well as its physiological function, 

is poorly understood. In collaboration with Marek Cyrklaff 
and Steve Fuller, we are now investigating the structure of 
these vesicles in frozen hydrated samples by cryo-electron 
microscopy. We are also studying with a biochemical as-
say whether internal membranes are continuous with the 
delimiting membrane of the vesicle. Finally, we are using 
our cell-free assay to investigate the molecular mechanisms 
which regulate the vectorial fusion process between carrier 
vesicles and late endosomes. 

Protein composition of endosomes 
(N. Emans, P. Schrotz, J.-P. Gorvel & C. Walter) 

One of our long-standing interests has been to establish 
the protein composition of the different compartments of 
the endocytic pathway. We have prepared fractions of early 
endosomes, carrier vesicles and late endosomes, which are 
enriched approximately 75x over the correspondingho-
mogenates. These fractions were analysed with high resolu-
tion two-dimensional gels, using cells metabolically labelled 
with 35S-Met. As expected from the cellular functions, our 
preliminary results indicate that the protein composition of 
early endosomes is far more complex than that of carrier 
vesicles. However, some polypeptides appear clearly en-
riched in the carrier vesieies, representing possible candi-
dates for proteins of the vesicle machinery. We followed 
a different approach to identify proteins internalized from 
the plasma membrane. Cell surface proteins were biotiny-
lated with a disulfide-containing reagent and internalized. 
The biotin groups remaining on the cell surface were then 
cleaved with glutathione and internalized biotinylated pro-
teins were precipitated with Streptavidin agarose and anal-
ysed by two-dimensional gels under reducing conditions. 
Using metabolically labelled cells, we have established the 
pattern of plasma membrane-derived proteins present in 
endosomes. Morphological studies in collaboration with Rob 
Parton showed that internalized biotinylated proteins dis-
tribute predominantly in early endosomes. Our preliminary 
data suggest that a fraction of these proteins is transported 
towards late endosomes, where a reductive activity cleaves 
the biotin group. A comparison between the pattern of endo-
somal proteins and internalized biotinylated proteins shows 
that some endosomal polypeptides appear not to be derived 

. from the plasma membrane. Whether these are resident 
proteins of early endosomes remains to be established. 

Finally, we have made use of the in vitro assay to iden-
tify the polypeptides transferred between early endoso-
mal elements upon fusion. A non-radioactive, immuno-
isolated fraction is mixed in the assay with a metabolically-
labelled fraction, in the presence of unlabelled cytosol. 
The immuno-isolated fraction is retrieved and analysed by 
two-dimensional gels and autoradiography to identify any 
polypeptide transferred upon fusion. A significant fraction of 
endosomal proteins (when compared to the total endosome 
pattern) can be transferred in an ATP- and GTPI'S-sensitive 
manner. However, this pattern is dramatically simplified 
when using mechanically fragmented endosomes (obtained 
for example after sonication), suggesting that proteins are 
non-uniformly distributed within the endosomal membrane. 
The transferred polypeptides are possible candidates for 
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proteins involved in the process of membrane-membrane 
recognition and fusion. Our future goals will be to combine 
these different approaches to identify proteins involved both 
in the lateral and in the vectorial interactions between en-
dosomal membranes at different stages of the pathway. 

Targeting of lysosomal enzyme 
(B. Hoflack, U. Bauer, T. Ludwig, 
S. Meresse & F. Pischedda) 

Our objective is to understand the biological process of 
lysosomal enzyme targeting in terms of the molecular com-
ponents of the targeting system. Two distinct man nose-
6-phosphate receptors (MPRs) are involved, the cation-
independent (CI) MPR and cation-dependent (CD) MPR. 
The CI-MPR is also the receptor for insulin-like growth 
factor II (IGF-II). The mannose-6-phosphate receptors are 
responsible for diverting lysosomal enzymes from the bUlk-
flow default secretory pathway (Kornfeld & Mellman, 1989). 
The steps leading up to this event result in generation 
of mannose-6-phosphate (Man6-P) residues on lysosomal 
enzymes, but not on secretory glycoproteins. The Man6-P 
markers allow lysosomal enzymes to bind to MPRs in the 
trans-Golgi network (TGN). The ligand-receptor complex 
exits the Golgi via clathrin-coated vesicles. The vesicle trav-
els to and fuses with an acidic pre lysosomal compartment 
(endosomes) where dissociation of the ligand occurs. The 
released lysosomal enzyme is packaged into a lysosome 
while the receptor either returns to the Golgi to repeat the 
process or moves to the plasma membrane. Both receptors 
are rapidly internalized from the plasma membrane. How-
ever, while the CI-MPR binds and mediates the endocytosis 
of extracellular ligands, the CD-MPR is not able to bind 
ligand at the cell surface. Both receptors are predominantly 
intracellular, with only 0% of each receptor present on 
the cell surface. However, the plasma membrane receptors 
are in rapid equilibrium with the intracellular receptors, and 
there is only one pool of each receptor. 

To understand the function of the MPRs in the targeting 
system, it was first necessary to identify the different intra-
cellular compartments they visit. These investigations were 
done over the past years in collaboration with the group of 
Gareth Griffiths and electron microscopy was mostly used 
to study in detail the steady state distribution of the different 
components (the lysosomal enzymes and their receptors). 
If, as expected, the MPRs were detected in the trans-Golgi 
network and on the plasma membrane, they were mostly 
concentrated in endocytic elements: the CI-MPR in late 
endosomes (Griffiths et al., 1988), the CD-MPR equally 
distributed over early and late endosomes. Biochemical 
and morphological data indicated that the newly synthe-
sized lysosomal enzymes were also present in these two 
structures. We could exclude that the newly synthesized 
hydro lases present in early endosomes were first secreted 
and then endocytosed, therefore they originated from the 
Golgi. The specific immunoprecipitation of lysosomal en-
zymes present in early endosomes of cells labelled with 
radioactive marker showed that a significant fraction (30% 
in mouse macrophages) of the newly synthesized lysoso-
mal enzymes was delivered to this endocytic compartment. 
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We concluded that the biosynthetic pathway can meet the 
endocytic pathway in early endosomes. 

To be properly routed within the cell, it is likely that receptors 
contain multiple Signals that mediate their departure from 
and arrival at the Golgi, plasma membrane, and endosomes. 
The key steps in the transit of the MPRs between any two 
compartments include segregation of the receptors from 
other membrane components, formation of receptor-rich 
carrier vesicles, followed by transit of the carrier vesicles 
to, recognition of, and fusion with the target membrane. 
Some of these steps undoubtedly involve interactions of 
the MPRs with other .cellular proteins. Progress has been 
made towards identifying signals on the receptor involved 
in targeting and in identifying proteins that interact with 
these signals. In vivo studies utilizing expression of mutant 
CI-MPRs in cultured cells indicate that the cytoplasmic tail 
of this protein contains information necessary for its proper 
routing within the cell i.e. sorting in the TGN and endocy-
tosis (Lobel et al., 1989). In vitro experiments indicate that 
specific clathrin-associated proteins (or adaptors) recognize 
the cytoplasmic tail of the CI-MPR and suggest that these 
interactions are important for the routing process (Glickman 
et al., 1989). Similar interactions may be involved in the 
routing of the CD-MPR. Golgi- and plasma membrane-
derived clathrin coated vesicles contain different subsets 
of adaptors (HAl and HAil). It is still unclear how each 
subset of adaptors can interact specifically with the MPRs 
present in these membranes. Other interesting questions 
have still to be answered: the adaptor complexes are made 
of 4 subunits and the protein interacting with the receptor 
tails has not been identified yet. In addition the signals in 
the MPR cytoplasmic tails have not been fully elucidated. 
Finally, the regulation of these interactions remains to be 
established. We have identified a kinase activity which cop-
urifies with the HAl complex of the Golgi-derived vesicles. 
We found that this kinase is associated with the 47 kDa 
subunit of the HAl complex. One striking property of this 
enzyme is that it has a very high affinity for the CI-MPR 
cytoplasmic tail 00 nM). Its properties revealed 
that it is a casein kinase II-related enzyme. This kinase is 
able to phosphorylate serine residues (at position 2421 and 
2492 of the bovine CI-MPR precursor) present in clusters 
of charged amino-acids. These phosphorylation sites are 
highly conserved among the human, bovine and rat CI-MPR 
and located in a region of the cytoplasmic domain of the CI-
MPR which is crucial for its sequestration into Golgi-derived 
clathrin-coated vesicles. Labelling of cells with radioactive 
tracers indicated that in vivo, the CI-MPR is also phospho-
rylated on the same sites. Various pulse-chase experiments 
followed by a detailed analysis of the receptor would strongly 
suggest that this post-translational modification occurs dur-
ing transport of the Man6-P receptors between the Golgi 
and endosomes. The function of the kinase is still unknown, 
however several suggestions can be made. For example, 
this post-translational modification could inactivate a sorting 
signal and therefore could induce dissociation of HAl from 
the receptor tails. Such a possibility could first suggest 
that these typical phosphorylation sites would be part of 
the sorting signal but this has still to be proven. If the 
HAl complex could only bind to non-phosphorylated tails, 
this could also provide a molecular basis for the specific 



interaction of the HAl complex with the Golgi membrane. 
Two different approaches which are still in progress have 
been taken to determine the function of the 47 kDa kinase 
in the routing of the CI-MPR. First, we purified this kinase 
to homogeneity and obtained peptide sequence information. 
Using oligonucleotide probes we are now cloning this inter-
esting protein. Full length cDNA clones should give us the 
opportunity to investigate in vivo the role of this protein in 
the trafficking of the MPR. We have also designed an in vitro 
assay to measure the interactions of purified adaptors with 
cytoplasmic tails of MPRs. We are now testing the effect of 
the phosphorylation on the interactions between adaptors 
and receptor tails. In collaboration with Peter Lobel, we will 
also use this assay to investigate in more detail the nature 
of the signal responsible for sorting the MPRs in the Golgi. 

As mentioned above, there are two receptors involved in 
lysosomal enzyme traffic. The reasons why a cell needs 
two different proteins for this transport process are still 
unclear. The CD-MPR appears to be ubiquitous whereas 
a few cell-lines lack the CI-MPR. Some reports suggest that 
the latter is more involved in the intracellular retention of 
lysosomal enzymes. On the other hand, over-expression of 
the CD-MPR suggests that this receptor could be implicated 
in their secretion. Our data would also be consistent with this 
notion. To address this question in more detail, we cloned 
mouse CD-MPR cDNAs which were then used as probe to 
screen mouse genomic DNA libraries. Sequencing of these 
genomic clones indicated that the gene encoding for the 
mouse CD-MPR is composed of seven exons spaced over 
11 kb of the mouse genome. Analysis of the promotor region 
indicated that the protein could be continuously expressed 
as also suggested by in situ hybridisation studies (in col-
laboration with Denis Duboule). In collaboration with Ulrich 
ROther, we are now trying to engineer by homologous re-
combination mouse stem cells devoid of the CD-MPR. With 
such mutants, we should be able to determine the precise 
function of this receptor in lysosomal enzyme trafficking. 
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Role of microtubules in the spatial arrangement and movement of cytoplasmic organelles 
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Many aspects of cellular motility depend on the cytoskele-
ton. Microtubules in particular are involved in the spatial 
arrangement of cytoplasmic organelles and they also pro-
vide tracks for various forms of intracellular movement. 
Translocation of vesicular organelles along microtubules has 
been demonstrated in a number of different cell types, and 
candidates for proteins involved in translocating organelles 
along microtubules have been characterized using in vitro 
reconstituted systems (for a recent review see Vale, 1990). 

We are studying the role of cytoskeletal elements in the spa-
tial arrangement and movement of cytoplasmic organelles. 
Our goal is to identify and characterize the proteins involved 
in the interaction of specific organelles with microtubules in 
nonneuronal cells. Our experimental approach towards this 
goal has been threefold. 

(1) We have used fluorescence vital staining protocols and 
video-enhanced fluorescence microscopy for monitor-
ing the movement and dynamic properties of specific 
cytoplasmic organelles in living cells; we have also 
developed methods to correlate the movement of these 
organelles with the framework of the cytoskeleton. 

(2) We have established new assays for characterizing 
microtubule-organelle interactions in vitro. 

(3) Candidates for proteins mediating interactions of cyto-
plasmic organelles with microtubules have been iden-
tified with antibodies raised against neuronal micro-
tubule associated proteins (MAPs) and nonneuronal 
microtubule binding proteins (MTBPs). 

Interaction of the Goigi apparatus 
with microtubules 

The Golgi apparatus is a compact perinuclear structure in in-
terphase cells, localized close to the microtubule-organizing 
centre (MTOC), the site from which the centrosomal mi-
crotubules emanate. In cells treated with the microtubule-
depolymerizing agent nocodazole, the Golgi apparatus scat-
ters throughout the cytoplasm, mimicking to some extent the 
fate of the Golgi apparatus during mitosis. Upon removal 
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of nocodazole, interphase microtubules repolymerize and 
the scattered Golgi elements recluster in the region around 
the MTOC. The movement of Golgi elements during this 
process of reclustering occurs along microtubules (Ho et al., 
1989), suggesting a direct interaction of Golgi membranes 
with microtubules. 

We have previously identified and partially characterized 
a peripheral membrane protein of Mr 110,000 using a 
monoclonal antibody (M3A5). This protein is located on the 
cytoplasmic face of Golgi membranes, and it co-sediments 
with taxol-polymerized tubulin in vitro (Allan & Kreis, 1986). 
The protein is present in a membrane bound form and 
in a cytosolic protein complex of 13-14S, with a Stokes 
radius of a nm and an estimated Mr of ",550,000. We 
have immunopurified the protein from rat liver with M3A5, 
cloned the complete cDNA from a rat liver library using pep-
tide sequence-derived oligonucleotides (collaborations with 
R. Frank and K. Stanley), and sequenced it (Duden et al., 
1991). The deduced amino-acid sequence revealed a novel 
protein with an estimated molecular mass of "'107,000. 
The N-terminal domain (",500 residues) shows significant 
homology with the N-terminal domain of the clathrin coat 
adaptor protein, ,B-adaptin (collaboration with Pat Argos). 
Antibodies raised against cDNA-predicted peptides reacted 
specifically with this protein by immunoblotting and im-
munofluorescence. Immunoelectron microscopy with these 
antibodies localized the protein to membranes of the Golgi 
complex, predominatly near the rims of the cisternae, and 
to nonclathrin coated vesicles in the region of the Golgi 
complex (collaboration with Gareth Griffiths). The protein 
was seen preferentially on nonclathrin coated vesicles which 
accumulated on isolated Golgi stacks obtained from rat 
liver in the presence of cytosol and GTP,S (see Plate 3). 
Immunoblotting revealed that the protein is a major compo-
nent of purified Golgi-derived nonclathrin coated vesicles 
(collaboration with F. Wieland, Heidelberg; J. Rothman, 
Princeton) which may be involved in mediating transport 
between Golgi cisternae (Serafini et al., 1991). Since this 
protein may play an important role in regulating structural 
identity of the Golgi complex, we call this protein ,B-COP 
(coat protein). 



PLATE 3 

Localization of j3-cop and clathrin on GTP,S-treated rat liver Golgi 
fractions. Immuno gold-labelling of j3-COP with an antibody against 
a synthetic peptide of j3-cop (anti-EAGE, 9 nm gold) and clathrin 
with an antiserum against clathrin light chains (antiserum obtained 
from Bemard Hoflack and Stephan Meresse, 5 nm gold) on ultrathin 

The distribution of j3-COP changes dramatically upon treat-
ment of cells with the fungal metabolite brefeldin A. It disso-
ciates from the Golgi complex within 30-60 sec, preceding 
all other morphological changes in this organelle induced 
by the drug. Thus, the interaction of j3-COP with Golgi 
membranes is dynamic and regulated in vivo. Brefeldin 
A may affect the Golgi complex in various ways; it may 
either directly interfere with critical events in membrane 
traffic between the endoplasmic reticulum and the Golgi 
complex (e.g. budding or fusion of carrier vesicles), or it 
may perturb an essential skeletal scaffold associated with 
the Golgi complex which may be involved in preserving the 
structure and identity of this organelle. The interaction of 
j3-COP with membranes and a protein complex may also 
be regulated during mitosis, when the Golgi apparatus frag-
ments and scatters throughout the cytoplasm. In fact, the 
Xenopus laevis homologue of j3-COP is cdc2-dependently 
hyperphosphorylated in meiosis (collaboration with V. Allan, 
Cambridge; M. Doree, Montpellier; E. Karsenti). Thus, hy-
perphosphorylation of j3-COP during mitosis may playa key 
role in the regulation of its function. Several phosphorylation 
sites, including a consensus site for phosphorylation by 
p34cdc2-kinase, are found in the j3-COP sequence. 

frozen sections of GTP,S-treated rat liver Golgi fractions shows 
localization of j3-COP on numerous non-clathrin coated vesicles 
(small arrowheads) in the region of Golgi cisternae (g). j3-cop is 
not associated with clathrin-coated vesicles (larger arrowhead). Bar 
100 nm. 

The monoclonal antibody M3A5 was raised against MAP2, 
but recognises both MAP2 and j3-COP (Allan & Kreis, 1986). 
Despite this, no significant sequence similarities between 
j3-COP and MAP2, or between j3-COP and other MAPs 
were detected. j3-COP does, however, contain four copies 
of a sequence motif, KKEX (X = E, A, V, S), which is 
also present in 20 closely spaced copies in the microtubule 
binding domain of MAP1 b (Noble et al., 1989). It is unclear 
so far whether this motif represents a potential microtubule-
binding site of j3-COP. 

Reconstitution of binding of cytoplasmic 
organelles to microtubules in vitro 

We have established quantitative in vitro binding assays for 
studying the interaction of specific cytoplasmic organelles 
with microtubules at the molecular level. Two assays have 
been developed; a sedimentation assay for measuring 
the cytosol dependent co-sedimentation of trans-Golgi net-
work (TGN)-derived carrier vesicles with taxol-polymerized 
bovine brain tubulin through a sucrose cushion, and an 
assay for measuring the cytosol-dependent binding of Golgi 

21 



elements and endocytic carrier vesicles to taxol-polymerized 
bovine brain tubulin linked to magnetic beads via a mono-
clonal antibody against tubulin (1 A2; Kreis, 1987). 

TGN-derived carrier vesicles, labelled with C6-NBD ce-
ramide metabolites, can be purified from filter-grown Madin-
Darby canine kidney (MOCK) II cells following perforation 
of the apical plasma membrane with nitrocellulose (Bennett 
et al., 1988). The interaction of these vesicles with mi-
crotubules depends on N-ethylmaleimide (NEM)-sensitive 
cytosolic proteins, trypsin-sensitive receptor proteins on the 
surface, and also on the presence of MTBPs. 

Fractions enriched in Golgi elements or endocytic carrier 
vesicles (Gruenberg et al., 1989) are being used to mea-
sure cytosol-dependent organelle binding to microtubules 
on magnetic beads. The beads are easily retrieved from 
the assay mix with a magnet (Howell et al., 1989) and the 
amount of organelles bound to microtubules is quantitated 
using enzymatic markers specific for the organelles (galac-
tosyltransferase for Golgi elements or endocytosed horse 
radish peroxidase for endocytic carrier vesicles). Results 
obtained so far indicate that cytosolic factors (other than the 
microtubule-based motor proteins kinesin and cytoplasmic 
dynein), and membrane-associated proteins are required for 
the binding of these cytoplasmic organelles to microtubules. 
Analogous to the TGN-derived carrier vesicles, this binding 
can be competed efficiently with neuronal MAPs. The bind-
ing of Golgi membranes to microtubules, however, depends 
on NEM-sensitive cytosolic proteins and appears to be 
independent of HeLa MTBPs. Binding of endocytic carrier 
vesicles to microtubules, on the other hand, is insensitive to 
NEM and depends on GTP and ATP. 

Therefore, the interaction of each of these cytoplasmic or-
ganelles with microtubules depends on different proteins. 
The differences in the cytosolic requirements for binding of 
retrogradely (Golgi elements, endocytic carrier vesicles) and 
anterogradely (TGN-derived carrier vesicles) transported 
organelles will be analyzed in further detail. Our current 
efforts are directed towards elucidating the composition of 
the protein complexes linking these cytoplasmic organelles 
to microtubules. Furthermore, these in vitro binding assays 
will be used to test the effects of antibodies against specific 
proteins on the interaction of these organelles with micro-
tubules. 

Identification of novel microtubule-binding proteins 

We have identified and partially characterized a novel MTBP 
of Mr 170,000 (pp170) in HeLa cells. Sequencing of a 
partial cDNA clone has shown that it is not related to any 
of the known microtubule-based motor proteins (kinesin, 
dynamin and cytoplasmic dynein), nor to any of the MAPs or 
MTBPs sequenced so far. pp170 is found on interphase and 
mitotic microtubules by immunofluorescence. Its distribution 
is patchy, and it has an apparently preferential localization 
at the plus ends of a subclass of microtubules. This labelling 
pattern is disrupted after depolymerization of interphase 
microtubules with microtubule-active drugs. pp170 local-
izes to both vinblastine-induced tubulin-paracrystals and 
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taxol microtubules in vivo. In addition to this microtubule 
association in vivo, pp170 also associates with discrete, 
nonmicrotubular cytoplasmic patches, most clearly seen in 
the mitotic cytoplasm and after disruption of interphase 
microtubules with nocodazole. In cells treated with taxol for 
long periods, there is also significant accumulation of pp170 
at the cell periphery, where there are no detectable micro-
tubules. Interestingly, the protein accumulates in regions of 
cell-cell junctions when MOCK cells are grown to confluency 
(collaboration with Jan De Mey & Irene Wacker). 

Affinity-purified pp170 binds directly to taxol-polymerized 
bovine brain tubulin. The association of pp170 with mi-
crotubules is regulated by phosphorylation, as the action 
of a microtubule-associated kinase releases pp170 from 
microtubules and dephosphorylation of pp170 by potato 
acid phosphatase in vitro reverses this inhibition of bind-
ing to microtubules. In vivo, pp170 is phosphorylated on 
serine residues, with a half-life for the phosphate group of 
",30 min. Depolymerization of microtubules with nocodazole 
abolishes incorporation of 32 Pinto pp170, but has no signi-
ficant effect on phosphate loss. This sensitivity of the in vivo 
phosphorylation state of pp170 to the microtubule polymer 
level suggests that post-translational modification may be 
an important regulator of pp170 activity in cells. 

So far we do not know the cellular role of pp170. Preliminary 
evidence indicates that the protein is associated with cyto-
plasmic membranes (collaboration with Robert Parton). Its 
preferential association with microtubule ends may thus indi-
cate a role in the interaction of microtubules with cytoplasmic 
membranes. Polyclonal and monoclonal antibodies specific 
for pp170 have been generated, and partial cDNA clones of 
the protein have been isolated by antibody screening of a 
HeLa cDNA expression library. These probes will facilitate 
in vitro and in vivo investigations of the properties of pp170 
to elucidate its cellular function. 

Quantitative analysis of movement of 
organelles in living cells 

We have developed software for the analysis of time-
lapse series, recorded by video-enhanced fluorescence mi-
croscopy, of the movement of fluorescently-Iabelled cyto-
plasmic organelles (collaboration with Ernst Stelzer and 
Clemens Storz). This software can be used to track auto-
matically the movement of defined objects (i.e. organelles) in 
vivo and in vitro, and to collect statistical data. This analYSis 
will replace the inaccurate and tedious manual tracing of 
movement of organelles and should facilitate considerably 
the quantitative analysis of effects of agents (e.g. antibodies) 
on the movement of organelles in vivo and in vitro. 

Dynamic properties of microtubules during 
cell-cell contact formation 

As microtubules playa key role in the spatial organization 
and movement of cytoplasmic organelles, it is important to 
understand better the regulation of their dynamic properties. 
It seems that subclasses of interphase microtubules may 



be involved in the translocation or positioning of specific 
cytoplasmic organelles (Matteoni & Kreis, 1987; Ho et al., 
1989). 

We have used the microinjection of rhodamine-labelled 
tubulin (rh-tubulin; Kreis, 1987) for studying the dynamic 
properties of microtubules in vivo (collaboration with Marie-
HelEme Bre, Jean Davoust, & Rainer Pepperkok). Fluores-
cence recovery after photobleaching revealed that micro-
tubules are stabilized in MOCK cells upon establishment of 
cell-cell contacts (average half-time of rv16 min). In sub-
confluent, isolated MOCK cells, as well as in Vero fibroblast 
cells (subconfluent and confluent), rh-tubulin-Iabelled micro-
tubules are significantly more dynamic, with an average half-
time of less than 10 min (see also Kreis, 1987). This drop in 
the turnover rate of microtubules, as the MOCK cells form 
junctions, seems not to be due simply to increased levels 
of tubulin detyrosination (see also Bre, Kreis & Karsenti, 
1987). Thus, epithelial cells (MOCK), in contrast to fibrob-
lasts (Vero), appear to induce microtubule-stabilizing factors 
as they establish cell-cell contacts. 
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Cell shape, cytoplasmic organization and movements de-
pend on the structure and dynamics of protein filaments 
present in the cytoplasm: the cytoskeleton. The basic molec-
ular components of the cytoskeleton, actin, tubulin and inter-
mediate filament proteins have been extensively studied and 
characterized. Their spatial organization during the cell cycle 
and cell differentiation has also been described. We are 
beginning to unravel how the three-dimensional organization 
of the cytoskeleton is regulated in space and time. 

Among the cytoskeletal systems of the cell, microtubules 
are of special interest. During interphase, they form a 
more or less dynamic network of fibres, usually originating 
at the centrosome, but not always. They play a role in 
intracellular movement and positioning of organelles (mi-
tochondria, Golgi apparatus, cytoplasmic vesicles). When 
the cell enters mitosis, the interphase network disappears 
and microtubules start to assemble the mitotic spindle. The 
function of this mitotic apparatus is to segregate without 
failure the chromosomes among the two daughter cells. 
Therefore, one important function for microtubules seems to 
be, in interphase as well as in mitosis, to guide and orient 
intracellular movements. In turn, the spatial organization of 
microtubules in the cell is determined by various internal 
and external signals. Our goal is to identify such signals and 
study the structures and molecules that in response to these 
signals affect globally, or locally, microtubule dynamics and 
organization in the cell. 

The research being carried out in this group is focused on 
three aspects of the control of microtubule organization. 

1. The molecular characterization and duplication mech-
anism of the main microtubule organizing centre of 
metazoan cells: the centrosome. 

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

3. The control of microtubule organization during the es-
tablishment of epithelial cell polarity. 
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Regulation of centrosome duplication in vitro 

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

Previously we have shown that centrosomes purified from 
human lymphoid cells can nucleate microtubules and du-
plicate when injected into Xenopus eggs. Moreover, we 
showed that in vivo, the three-dimensional protein structure 
of the centriole appears to be important for its duplication 
(Klotz et a/., 1990). Centrosomes duplicate in three steps 
(budding, separation and disorientation) that are correlated 
with specific stages of the cell cycle. This must be con-
trolled by cell cycle signals. To approach the question of 
centrosome duplication in molecular terms, we needed to 
develop an in vitro system in which the basic reactions 
of the cell cycle would take place and where centrioles 
could duplicate in the test tube. We have developed cell-free 
extracts from Xenopus eggs (see below) in which added 
human centrioles duplicate at least once (collaboration with 
F. Tournier, M. Bornens, M. Cyrklaff & S. Fuller). Apparently 
initiation of duplication occurs in S-phase extracts. This 
provides a unique tool to study the role of cell cycle signals 
in centrosome duplication. Also, the group of S. Fuller is 
developing methods to reconstruct the three-dimensional 
organization of these centrosomes observed by electron 
microscopy in vitrified water. In the long run this should 
help to unravel the structural events involved in centrosome 
duplication. 

The cell cycle in cell-free extracts of Xenopus eggs 

Xenopus eggs are layed arrested at metaphase II of meio-
sis. Following fertilization or artificial activation, the egg en-
ters a series of rapid cell cycles alternating between S-phase 
and metaphase every 30 min. During each metaphase, the 



overall level of protein phosphorylation increases because 
a specific kinase is activated (Oabauvalle et al., 1988; 
Karsenti et al., 1987). The activity of this cAMP and Ca++ 
independant kinase can be followed on exogenous histone 
Hi, and it has been purified from Xenopus eggs arrested in 
metaphase (Lohka et al., 1988) as well as from starfish eggs 
(Labbe et al., 1989a; Labbe et al., 1989b). It is a 34 kOa 
protein which is homologous to the yeast cdc2+ cell cycle 
gene product. 

We have prepared cell-free extracts from activated Xenopus 
eggs in which the histone kinase activity oscillates with 
the same period and amplitude as the in vivo cell cycle. 
The histone kinase activity of p34cdc2 is stimulated by 
dephosphorylation on Thr and Tyr residues (Nurse, 1990). 
Using our in vitro system, we have shown that the Thr 
phosphatase involved in cdc2-kinase activation is distinct 
from type 1, 2A, 2B and 2C phosphatases (Felix et al., 
1990a). Apparently, a new Ser-, Thr- phosphatase (Felix 
et al., 1990a) as well as a Tyr-phosphatase (Gould & 
Nurse, 1989) must be involved in the activation of cdc2-
kinase. However, initiation of cdc2-kinase activaton by de-
phosphorylation begins only when the cyclin level in the 
cell reaches a threshold (Murray & Kirschner, 1989). This 
threshold is set by a type 2A phosphatase (Felix et al., 
1990a; Solomon et al., 1990). This raises the possibility 
that the length of G2 is determined by a network of ki-
nases and phosphatases damped by a type 2A phosphatase 
(Karsenti et al., 1991). Cyclin is synthesized continuously 
and periodically degraded concomittantly with inactivation 
of the kinase. The signal that triggers cyclin degradation 
is given by a threshold level of cdc2-kinase activity (Felix 
et al., 1990b). Cyclin degradation requires some particulate 
material and, in fact, the cyclin-cdc2 complex is associated 
to insoluble material under physiological conditions (only the 
cyclin-associated cdc2 is insoluble and modified during the 
cell cycle). Preliminary results suggest that the cyclin-cdc2 
complex is associated with the 60S subunit of the ribosomes 
of the rough endoplasmic reticulum in our extracts. 

In conclusion, the early embryonic cell cycle can be seen 
as an oscillator in which a threshold level of cyclin triggers 
a cascade of phosphorylation-dephosphorylation reactions 
leading to cdc2-kinase activation by dephosphorylation of 
p34-cdc2. When the level of activity of this enzyme reaches 
a threshold level, this induces cyclin degradation by prote-
olysis and, as a consequence, rapid cdc2-kinase inactiva-
tion. 

In vivo, during interphase, microtubules have a half life of 
about 10 min. and can reach 40-60 Jim in length. During 
mitosis, in the mitotic spindle, microtubules have a half life 
of about 1 min. and do not exceed 6-7 Jim 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 al., 1990). The effect of cdc2-kinase 
is opposed by a type 1 phosphatase and not by a type 
2A phosphatase. In our extracts, the steady state length 
and dynamics of microtubules can be precisely adjusted by 

varying the relative concentrations of type 1 phosphatase 
and cdc2-kinase. These results suggest that during mitosis, 
steady-state microtubule length is precisely adjusted by the 
proportion of a phosphorylated form of a factor that regulates 
the dynamic instability of microtubules (Karsenti et al., 1991 ; 
Verde et al., submitted). We wish to identify this factor. 

Two other important aspects of mitotic spindle assembly 
deal with the changes in the microtubule nucleating ac-
tivity of centrosomes and the role of mitotic motors. We 
have strong indications that only one form of cdc2-kinase 
can increase the nucleating activity of centrosomes: the 
form associated with cyclin A (B. Buendia in preparation, 
collaboration with the group of G. Oraetta). Concerning 
mitotic motors, we have shown that cytoplasmic dynein 
and kinesin are present in frog egg extracts from which 
they can be purified. Both molecules do not seem to be 
highly phosphorylated in our extracts either in interphase or 
in mitosis. Low taxol concentrations induce the assembly 
of short microtubules in mitotic extracts. With time, these 
microtubules reorganize into asters containing in their centre 
centrosomal material (Buendia et al., 1990a). The formation 
of such asters requires the participation of cytoplasmic 
dynein, suggesting that microtubule sliding is involved in 
this process (Verde et al., 1991). This may have important 
implications for our way of thinking about spindle poles 
during metaphase. 

Microtubules and the establishment of 
epithelial cell polarity 

In fibroblasts, most microtubules are nucleated by the cen-
trosome which is located close to the nucleus (Karsenti et 
al., 1984). In such cells, the bulk of microtubules polymerize 
and depolymerize every 10 to 15 minutes and show a 
radial organization. In isolated epithelial Madin-Oarby canine 
kidney cells in culture (MOCK), microtubules are more or 
less radially organized but in polarized MOCK cells grown 
on filter supports, microtubules run from the apical to the 
basolateral region in large bundles, their plus end being 
located in the basal part of the cells (Bacallao et al., 
1989). 

By injecting foreign tubulin (Paramecium) which is then 
detected by a specific antibody, we have confirmed that 
microtubules originate from a diffuse nucleating centre lo-
cated close to and on one side of the nucleus in isolated 
cells and that this nucleating region spreads out in MOCK 
cells following th establishment of contacts (Bre et al., 1990). 
The establisment of intercellular contacts also increases 
microtubule stability (Bre et al., 1990; Pepperkok et al., 
1990) and induces separation of the centrioles (Buendia et 
al., 1990b). Centrioles are kept together by microtubules and 
their separation requires intact microfilaments. These results 
suggest that during the establishment of polarity microtubule 
nucleating sites are relocalized from the perinuclear region 
to the apical domain of the cells. At the same time, micro-
tubules are stabilized. Both events probably contribute to 
microtubule reorientation. The orientation of microtubules in 
polarized MOCK cells is certainly important for the polarized 
intracellular transport of vesicles. 
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The biogenesis of vaccinia virus 
(B. Sodeik, M. Ericsson & G. Griffiths) 

The efforts of our group broadened in scope during 1990 
with a major effort being given to a new project - the biogen-
esis of vaccinia virus. Vaccinia is among the most complex 
of animal viruses with a genome size of 186 x 1 06 bp that 
codes for about 200 polypeptides. The virus is surrounded 
by up to four different membranes which are sequentially ac-
quired during the process of infection. Closely related to the 
causative agent of smallpox, vaccinia is of great interest to 
molecular biologists for a number of reasons. First, since it is 
a DNA virus that replicates in the cytoplasm, it has become 
a powerful model to study DNA replication and transcription 
(see the report by Stunnenberg). Second, because of the 
ease with which foreign genes can be inserted into the viral 
genome and, via infection, expressed in tissue culture cells, 
it has become a popular expression system. Despite the 
enormous literature on vaccinia virus, very little is known 
about the cytoplasmic events leading to its assembly and 
release by infected cells. In fact, a surprising dogma has 
developed with respect to the acquisition of the first of the 
viral membranes, namely that it originates from new mem-
brane synthesis by virally-encoded enzymes. This model is 
problematic for two reasons. First, if true, it would be the first 
example of de novo synthesis of membrane rather than the 
more commonly accepted idea that membranes are always 
synthesized on pre-existing membrane templates. Second, 
upon critical examination the actual published evidence in 
support of de novo synthesis rests solely on weak electron 
microscopic data from the early 1970's. 

By analogy to the budding of other membrane viruses such 
as Semliki Forest virus and vesicular stomatitis virus, we 
started the vaccinia virus project with the working hypothesis 
that the virus acquires its membranes from the bilayers of 
a pre-existing host cell compartment(s). The model further 
postulates that the cell compartment would be modified by 
the acquisition of newly synthesized viral membrane pro-
tein(s). Thus, as for other membraned animal viruses, these 
hypothetical proteins would determine the site of viral bud-

ding. With assistance from the group of Henk Stunnenberg, 
we set up the vaccinia virus infection system using a variety 
of tissue culture cells, primarily BHK, Hela and RK-13. Sub-
sequently, a whole range of established markers for cellular 
compartments of the exocytic and endocytic pathway were 
matched by immunocytochemistry at the light- and electron 
microscopic levels with a spectrum of antibodies against 
characterized viral proteins that were kindly provided by 
many groups (see Plate 4). The antibodies included one 
against a 62 kDa soluble protein (from Drs. B. Moss & R. 
Doms, NIH) that is presumably involved in the interaction of 
the capsid with the first budding membrane and appears to 
interact with the antibiotic rifampicin, which selectively and 
reversibly blocks the first budding event. This protein was 
localized to the first viral membrane (Plate 4B). Another an-
tibody, against a 14 kDa peripheral membrane protein (from 
Dr. M. Esteban, New York), was localized to the second viral 
membrane, while an antibody against the 85 kDa vaccinia 
virus haemagglutinin (from Dr. H. Shida, Kyoto) localized to 
the third and fourth membranes (the so-called envelope). 
Overall, our data now suggest that the nucleocapsid initially 
buds into the intermediate compartment between the rough 
endoplasmic reticulum and the Golgi complex (the so-called 
"salvage" compartment). The main evidence for this model 
rests on co-localization of the viral DNA and 62 kDa protein 
with the recently characterized GTP-binding protein RAB 2 
that had been previously localized to the intermediate com-
partment (using antibodies provided by M. Zerial; Chavrier 
et al., 1990; see the report by Simons) (see Plates 4A and 
4C). Although the first membrane of the budding virus is 
not labelled by 14 kDa-antibodies this marker is found on 
the membrane (in direct continuity with the first budding 
membrane) of the intermediate compartment as well as on 
the second viral membrane. Our tentative model for the 
acquisition of this second membrane is that the virus, having 
budded into the intermediate compartment, then buds out 
again via a 14 kDa protein rich domain. In collaboration with 
Dr. B. Doms we are now characterizing these early budding 
events in more detail. In particular, we are trying to use cells 
permeabilized with Streptolysin 0 as well as sub-cellular 
fractions in order to reconstitute the budding steps in vitro. 
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PLATE 4 

(A) Double fluorescence labelling of BHK cells infected with vac-
cinia virus, 9 h post infection. The upper figure shows the 
localization of RAB 2 protein and the lower figure shows 
the corresponding DNA localization using Hoechst dye which 
labels both the nuclei (N) and the viral "factory". After vaccinia 
infection RAB 2 co localizes almost exclusively with the viral 
factories whereas 53 kDa does not. The RAB 2 colocalizes in 
the factory region (asterisk) with the DNA. 

(B) Cryosection of a Hela cell infected with vaccinia virus for 8 h. 
The section was labelled with antibodies against the 62 kDa 
rifampicin-sensitive protein followed by protein A gold. The 
labelling is found in the cytosolic regions corresponding to the 

As a consequence of the finding that the vaccinia virus 
seems to bud into the intermediate compartment it became 
necessary to study this elusive compartment in more detail. 
For this we have started collaborating with the group of 
Dr. Hans-Peter Hauri (Biocenter, Basel) who has produced 
antibodies against a number of markers of this compartment 
and, in particular, against a 53 kDa protein (Schweizer et al., 
1988). The results so far suggest that this compartment is 
both complex in structure and very extensive. 

The endocytic pathway in non-polarized 
cells (H. Horstmann, R. Hollinshead, G. Griffiths) 

We have continued our long-standing interest in the en-
docytic pathway in collaboration with the groups of Jean 
Gruenberg and Bernard Hoflack (see their reports). In ad-
dition we are collaborating with Suzanne Pfeffer (Stanford) 
who has developed an in vitro assay for following transport 
of man nose 6-phosphate receptors from the late endo-
some/prelysosome to the trans-Golgi network. We are char-
acterizing this system by morphological approaches and are 
focusing in particular on the budding of different vesicles 
from these organelles. We have also started a collaboration 
with Dr. Rockford Draper (Dallas) who has isolated mutants 
of Chinese hamster ovary (CHO) cells that are defective in 
dense lysosome formation. 

The endocytic pathway in polarized 
Madin-Oarby canine kidney (MOCK) 
cells and neurons (R. Parton) 

In collaboration with members of K. Simons' group, R. Par-
ton has been studying the compartments of the endocytic 
pathway in MOCK cells and in particular their interaction with 
cytoskeletal elements. There are two new aspects to these 
studies. 

(1) Acidification of the cytoplasm of MOCK cells (to pH 
causes a dramatic change in the location of the 

cation-independent mannose 6-phosphate receptor-
enriched late endosomes (prelysosomes) (Parton, 
Dotti, Bacallao, Kurtz, Simons & Prydz, J. Cell BioI., in 

viral factory (small arrowhead) and beneath the membrane of 
the budding virions (large arrowhead). The peripheral regions 
of fully budded virions are also labelled (asterisks). 

(C) Cryosections of a Hela cell infected with vaccinia virus and 
immunolabelled for RAB 2. The label (small arrowheads) is 
associated with membranes which are close to viral budding 
structures (large arrowheads) as well as close to the Golgi 
complex (G). The membranes of the latter are also labelled, 
presumably on its cis aspect. The asterisk indicates an intra-
cellular naked virion that has acquired the second membrane 
(which would label for the 14 kDa protein). 

press). Whereas this compartment is normally localized 
above and around the nucleus, within minutes of the 
low pH treatment this compartment vesiculates and 
the vesicles move along microtubules to the basal 
region of the cell, an effect that is completely reversible. 
Microtubule depolymerisation causes the individual late 
endosomes to fuse together, suggesting that micro-
tubules are also involved in maintaining the form of 
the compartment under control conditions. Similarly, 
in cultured hippocampal neurons (in collaboration with 
C. Dotti; see the report by K. Simons) the vesicles of 
the late endosomes that are normally perinuclear move 
with the low pH treatment into peripheral regions of the 
cell processes. This effect is again reversible. While 
the mechanisms involved in this effect are not known, 
these observations show that late endosomes can in-
teract with microtubules and suggest that late endo-
somes can move bidirectionally and that low cytosolic 
pH has an effect on the activity or the directionality of 
the motor(s) involved in the transport of vesicles. 

(2) A novel observation recently made by R. Parton is the 
finding of a distinct cytoskeletal network around the 
early (but not late) endosomes. This "coat" has been 
best visualized using a recently developed freeze-
substitution method combined with low temperature 
embedding in iowicryl resins. Preliminary immunocyto-
chemical data suggest that this coat consists, at least 
in part, of actin. We are now investigating the possibility 
that this putative actin network functions to position and 
maintain the early endosomes in the cell periphery. 

Other collaborations 

(1) With the group of Dr. Walter Neupert (Munich) we have 
been studying the structure of mitochondrial contact 
sites (see S611ner et al., 1990; Kiebler et al., 1990). 
On the same topic we also carried out a short project 
with the group of Dr. G. Schatz (Basel); see Hines et 
al., 1990). 

(2) With Dr. Morris Birnbaum (Harvard) we have been 
studying the localization of the insulin-regulated glu-
cose transporter in transfected PC-12 cells. 
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(3) With Rainer Duden and Thomas Kreis (EMBL) we have 
localized their 110 kDa protein to Golgi vesicles (see 
the report by Kreis; Duden et al., Cell, 1991, in press). 

(4) With Peter Rottier (Utrecht) we are studying the lo-
calization of the Corona virus proteins E1 and E2 in 
transfected cells. 

(5) With Philippe Chavrier and Marino Zerial, R. Parton has 
continued the localization studies of the GTP-binding 
proteins (see Chavrier et al., 1990). 

(6) A collaborative effort is being continued with the group 
of Dr. Keith Mostov (Univ. of Calif. San Francisco) who 
has prepared transport mutants of the polymeric Ig 
receptor (R. Parton). 

(7) With Janet Rickard and Thomas Kreis efforts are un-
derway to localize a 170 kDa protein (see the report by 
Kreis) (R. Parton). 
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Nuclear pores and nucleoli in yeast and human 
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Many nuclear reactions depend on the structural organi-
zation of the cell nucleus. Nuclear transport is mediated 
by the nuclear pores, processing of ribosomal RNA and 
ribosome assembly by the nucleolus, pre-mRNA splicing 
by the spliceosomes. Our goal is (i) to identify molecules 
which build up these structures and (ii) to analyze their 
structure/function relationship within the eukaryotic nucleus. 

Nuclear pores in yeast and man 
(M. Carmo-Fonseca, H. Kern, A. Mutvei & 
U. Nehrbass in collaboration with 
Dr. W. Herth, University of Heidelberg) 

NSP1 in yeast 

The nuclear envelope protein NSP1 is located at and in the 
channel of the nuclear pores as demonstrated by immuno 
electron microscopy (EM). Accordingly, the protein could 
playa role in (i) the structural organization of the nuclear 
pore complex, (ii) the biogenesis of the nuclear pores or (iii) 
the transport of macromolecules through the nuclear pores. 

We first determined which parts of NSP1 are required for 
the essential function and whether one can assign spe-
cific functions to the different NSP1 domains. The molec-
ular analysis of NSP1 points to a two domain protein: a 
non-essential part (the first 603 amino-acids) composed of 
repetitive sequences as found in other nuclear pore proteins 
and an essential carboxy-terminal domain (amino-acid 604-
823) which shows a hydrophobic heptad repeat organization 
similar to that found in intermediate filament proteins. The 
carboxy-terminal domain alone was sufficient to complement 
a yeast mutant lacking the nsp1 gene. Subcellular fraction-
ation indicated that this domain still co-fractionates with pu-
rified yeast nuclei. However, the specific subcellular location 
could not be demonstrated by indirect immunofluorescence 
due to epitope inaccessibility. We therefore attached to 
the NSP1 carboxy-terminal domain the passenger protein 
cytosolic dihydrofolate reductase (DHFR) from mouse and 
tested whether this fusion protein can be targeted to the 
nuclear periphery. The fusion protein DHFR-C-NSP1 when 

expressed in yeast was tightly bound to nuclear structures 
and localized at the nuclear periphery and nuclear pores as 
shown by indirect immunofluorescence using specific anti-
bodies against the DHFR domain. Furthermore, the fusion 
protein was functionally active even with the attached glob-
ular and compactly folded DHFR enzyme since DHFR-C-
NSP1 complemented the non-viable nsp1 eviction mutant. 
This suggests that the nuclear pore protein is composed 
of separate functional moieties and one function of the 
carboxy-terminal domain is to anchor the NSP1 protein at 
the nuclear periphery. It is likely that the a-helical heptad 
repeat organization within the essential carboxy-terminal 
domain is the molecular basis for association of NSP1 with 
the nuclear periphery. 

We generated conditionally lethal alleles of NSP1 to study 
the in vivo role of NSP1 in a more specific way and to initiate 
a genetic analysis of the nuclear pores in yeast. Ts-alleles 
of NSP1 were obtained by both site-specific and random 
mutagenesis of the isolated NSP1 gene: mutant alleles 
interfered with the a-helical heptad repeat organization of 
the C-terminal domain and caused mutant cells to stop cell 
growth at 37°C, the non-permissive temperature. For one 
nsp1 ts-mutant, the location of the nuclear reporter protein 
NOP1 was determined by indirect immunofluorescence. At 
the permissive temperature, NOP1 reveals a strict nuclear 
location whereas at the non-permissive temperature, the 
reporter protein also appears in the cytosol. This phenotype 
is consistent with a role of NSP1 in the transport of proteins 
into the nucleus or a role in the maintenance of an intact 
nuclear periphery. 

Independent evidence for a role of NSP1 in nuclear pore 
functions was obtained by repressing NSP1 expression 
in yeast and subsequently analyzing the effect of NSP1 
depletion on the location of nuclear proteins and nuclear 
envelope organization. In order to deplete yeast cells of 
NSP1, the authentic promoter of NSP1 was replaced by the 
regulatory GAL 10 promoter. If GAL::nsp1 cells are shifted 
to glucose, they still continue fast growth, but after 10-15 
hours enter a slow growth phase and finally stop growth after 
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40 to 50 hours. During NSP1 depletion, the cell morphology 
drastically changes and cells get enlarged and multibudded. 
This phenotype is consistent with a block in nuclear division 
whereas other cellular processes such as bud formation 
still continue. NSP1-depleted cells have an altered nuclear 
membrane which contain less nuclear pores as visualized 
by freeze-fracture EM analysis (in collaboration with Dr. W. 
Herth, University of Heidelberg). It therefore appears that 
NSP1 is required for the formation of the nuclear pores and 
thus may be directly or indirectly involved in the nucleo-
cytoplasmic transport. 

NSP1 homologues in higher eukaryotes 

Affinity-purified NSP1 antibodies stain the nuclear pores in 
HeLa cells as demonstrated by immuno-EM. A comple-
mentary experiment showed that a monoclonal antibody 
against the rat liver pore complex protein pS2 (nucleoporin) 
cross-reacts with different yeast nuclear envelope proteins 
including NSP1 and NUP1 (Davis & Fink, 1990). Finally, 
a peptide antibody against the NSP1 carboxy-terminal end 
cross-reacts with human pS2 nucleoporin. To analyze fur-
ther the structural and functional similarity between yeast 
and mammalian nuclear pore proteins, we cloned and se-
quenced nucleoporin pS2 from a HeLa cDNA library. Human 
pS2 consists of a carboxy-terminal domain homologous to 
the essential yeast NSP1 carboxy-terminal domain and an 
amino-terminal half resembling the repetitive middle domain 
of NSP1. PS2 and a fusion protein consisting of cytoso-
lic mouse dihydrofolate reductase and the pS2 carboxy-
terminal domain were expressed in transfected mammalian 
cells. The DHFR-C-pS2 fusion protein and the authentic 
overexpressed pS2 accumulate around the nuclear periph-
ery, but also form large aggregates in the cytosol. It is 
suggested that nucleoporin pS2 is targeted to the nuclear 
periphery via its carboxy-terminal domain which reveals a 
hydrophobic heptad repeat organization. 

Ribosomal RNA processing within the nucleolus 
(R. Jansen & H. Kern in collaboration with 
D. Tollervey & H. Lehtonen, EMBL) 

NOP1 is a resident nucleolar protein in yeast and associated 
with different small nucleolar RNAs which are required for 
pre-rRNA processing (Schimmang et al., 1989). To deter-
mine the in vivo role of NOP1 for rRNA processing, we 
placed the NOP1 gene under the control of a regulatory 
GAL 10 promoter and NOP1 expression was turned off by 
growing the cells in glucose. NOP1 is not required for the 
stability of most of the snoRNPs. However, NOP1-depleted 
cells no longer can make new ribosomes, because process-
ing of the rRNA precursors, particularly the maturation of the 
18S rRNA, is severely impaired. 

NOP1 is the structural and functional homologue of the 
human nucleolar protein fibrillarin which is located within 
the dense fibrillar center region of mammalian nucleoli and 
associated with different snoRNAs (Tyc & Steitz, 1989). The 
cDNA for HeLa fibrillarin was cloned and sequenced. By 
amino-acid comparison, yeast NOP1 and human fibrillarin 
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are 70% identical. Both proteins are also functionally equiva-
lent because human fibrillarin can replace NOP1 in yeast as 
shown by complementation of a nop1-mutant. This demon-
strates that the basic role of fibrillarin is identical from yeast 
to man and that the human protein can interact with the 
cognate nucleolar components in yeast. Complementation 
by human fibrillarin is not complete. At 23°C the growth of 
the complemented strain is about three times slower than 
that of the wild-type, and at 37°C cell growth stops. This 
suggests that human fibrillarin interacts less strongly with 
yeast components than does authentic NOP1. 

The temperature-sensitive phenotype of the yeast mutant 
complemented by human fibrillarin enabled us to select for 
suppressor mutations which allowed this strain to grow at 
the non-permissive temperature. Among those suppressors, 
also intragenic mutations within the human fibrillarin gene 
were found to rescue the human fibrillarin ts-mutant at 
the restrictive temperature. When this suppressor human 
fibrillarin gene was sequenced, only one base pair within 
the entire human gene was changed corresponding to a 
change of lysine (284) to glutamine. It is likely that this region 
within fibrillarins is crucial for interaction with other nucleolar 
components. Ribosomal RNA processing is very slow in the 
yeast strain complemented by human fibrillarin exhibiting a 
strong accumulation of the 35S rRNA precursor. Ribosomal 
RNA processing, however, is reconstituted in the suppressor 
strain which efficiently processes rRNA precursors to 25 and 
18S rRNA. 

We are currently exploiting the genetic system of yeast 
to study further functional aspects of fibrillarin. The 
temperature-sensitive phenotype of the yeast mutant ex-
pressing human fibrillarin is used to isolate extragenic sup-
pressor mutations mapping in yeast nucleolar components 
interacting with human fibrillarin. We are cloning the genes 
for these suppressors and in this way we hope to identify 
additional nucleolar components interacting with fibrillarin 
and required for pre-rRNA processing. 

In situ localization of small nuclear ribo-
nucleoproteins (M. Carmo-Fonseca in 
collaboration with A.I. Lamond, EMBL) 

Biotinylated antisense RNA oligonucleotides were used to 
label, in situ, the major snRNAs in mammalian cells. The 
pattern of snRNP localization obtained with these novel 
probes was compared with immunofluorescence staining 
using antibodies which recognize the snRNA-specific m3G-
cap structure, snRNP proteins and the non-snRNP splicing 
factor, U2AF. U3 snRNA was detected exclusively in the 
nucleolus while all the spliceosomal snRNAs were found 
in the nucleoplasm outside of nucleoli. Surprisingly, U2, 
U4, U5 and US snRNAs were predominantly observed in 
discrete nucleoplasmic foci. U1 snRNA and the splicing 
factor U2AF were also present in foci but in addition were 
detected widely distributed throughout the nucleoplasm. The 
presence of major components of the nuclear splicing ap-
paratus in foci suggests that these previously unidentified 
structures in mammalian cells may playa role in pre-mRNA 
processing. 
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Molecular mechanisms of intracellular sorting 

Group leader: D. Vaux 

Fellows: R. Hendriks, H. Krafft-Czepao, A. Luzzago, N. Mize, A. Wandinger-Ness, C. Wimmer* 

Assistant: M. Kail 

Controlled vesicular transport between intracellular com-
partments in eukaryotic ce!ls is essential for survival. The 
specificity of transport is determined by sorting mechanisms 
acting on both soluble and membrane proteins. The group 
is currently studying four related areas of signal-mediated 
traffic control - the assembly of alphaviruses, the clustering 
of receptors in coated pits, the receptor mediated retention 
of soluble resident proteins in the endoplasmic reticulum 
(ER) and the role of the low molecular weight GTP binding 
proteins Rab-2, Rab-5 and Rab-7 in vesicular transport 
between intracellular organelles. 

Viral budding model of protein sorting (A. Luzzago) 

The efficient budding of Semliki Forest virus (SFV) at the 
plasma membrane of an infected mammalian cell is con-
trolled by a specific interaction between the nucleocapsid 
in the cytoplasm and the cytoplasmic domain of the E2 
glycoprotein (Vaux, Mellman & Helenius, 1988). We have 
recently used the anti-anti-idiotype (Ab 3) monoclonal anti-
body, 3G10, to map the exact signal in the E2 cytoplasmic 
domain (E2c) responsible for this interaction. Epitope map-
ping (in collaboration with Rainer Frank) showed that the 
carboxy terminal 8 residues contained the 3G10 epitope. 
Recognition of the docking site on the nucleocapsid by the 
anti-idiotype antibody F13 is specifically inhibited by the 8 
residue peptide as well as full length E2c. Microinjection of 
either of these peptides specifically inhibited viral budding, 
and a direct interaction between the peptides and intracel-
lular nucleocapsids could be demonstrated using peptide 
coated colloidal gold particles on thin frozen sections of 
virally infected cells (Plate 5). These results confirm the ef-
ficacy of the anti-idiotype approach in this case and provide 
a molecular explanation for the specific budding of a range 
of alphaviruses and flaviviruses. 

The anti-idiotype antibody F13 is also being used to monitor 
assembly of recombinant capsid expressed in E.cali. The 
SFV capsid protein expressed in E.coli not only undergoes 
auto-proteolytic cleavage, but also many of the steps of 
the assembly pathway, including becoming tightly asso-
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PLATE 5 

Colloidal gold particles coated with a synthetic peptide containing 
the signal for nucleocapsid recognition directly label SFV nucleo-
capsids within infected cells (Electron micrograph taken by Michael 
Hollinshead). 



ciated with RNA, but not DNA. Electron microscopy in 
collaboration with Stephen Fuller is being used to exam-
ine the assembled recombinant material. Oligonucleotide 
site-directed mutagenesis has been used to confirm the 
residues comprising the catalytic triad in the capsid pro-
tein, and to confirm that processing is not mediated by a 
bacterial enzyme. Cleaved recombinant capsid protein in 
E.coti does not acquire the F13 epitope; it is possible that 
signals present in the viral genome are essential for the full 
maturation of the nucleocapsid into a budding competent 
F13 positive structure, or that the capsid protein requires 
a eukaryote-specific post translational modification for this 
step to occur. We are now comparing the recombinant pro-
tein with protein isolated from virus to test this hypothesis. 

Sorting of receptors into coated pits 
(N. Mize, in collaboration with R. Frank, 
P. Argos & G. Vriend) 

The efficient endocytosis of many plasma membrane re-
ceptors depends upon their prior clustering into coated pits, 
transient specialized regions of the plasma membrane char-
acterized by a cytoplasmic coat of clathrin and a family of 
associated proteins. The signal for clustering resides in the 
cytoplasmic domain of the receptor and is often dependent 
upon an appropriately placed tyrosine residue, although no 
simple consensus sequence has been found. Recently, two 
models for a possible structural motif have been presented 
(Ktistakis, Thomas & Roth, 1990; Collawn et al., 1990). 

We have made a monoclonal anti-peptide antibody which 
recognizes the wild-type cytoplasmic domain of the human 
LDL receptor selectively over a domain which differs only 
in having the single tyrosine (Y807) substituted by cysteine, 
analagous to a clustering-defective mutant (JD) of the LDL 
receptor. As well as recognizing the LDL receptor itself, this 
antibody also recognizes a family of receptors which can 
be found in isolated coated vesicles, including the large 
mannose-6-phosphate receptor, the LDL receptor related 
protein (LRP) and the poly-Ig receptor. In each case the anti-
body recognizes the cytoplasmic domain in the vicinity of the 
crucial tyrosine residue, and binding can be greatly reduced 
by substituting the tyrosine with a non-aromatic residue. 
The sequence recognized by the antibody was found in 
one bacterial protein in the database of solved structures, 
and it was subsequently shown that the antibody indeed 
recognizes the purified bacterial enzyme. This monoclonal 
antibody has been used to generate polyclonal anti-idiotype 
antisera which recognize a single component enriched in 
isolated coated vesicles. Preliminary results suggest that 
this same protein may be isolated using cytoplasmic domain 
peptide affinity columns. 

Receptor mediated retention of soluble 
resident proteins in the ER (R. Hendriks & 
H. Krafft-Czepa; in collaboration with 
J. Tooze & S. Fuller) 

The correct routing or retention of soluble proteins also 
requires sorting, but in this case intraluminal sorting of 

soluble ligands by membrane bound receptors. A good 
example is the retention of soluble proteins in the lumen of 
the endoplasmic reticulum (ER). In mammals, this retention 
requires the carboxy terminal sorting signal -KDEL and is 
mediated by a specific -KDEL receptor. Monoclonal anti-
idiotype antibodies have identified a ubiquitous 72 kDa 
transmembrane KDEL binding protein with many of the 
features required of such a receptor (Vaux, Tooze & Fuller, 
1990). 

The 72 kDa KDEL binding protein responds to the intra-
cellular level of the KDEL signal and is upregulated when 
chemically modified peptides are used to flood the cell 
with the KDEL signal. Under these conditions the retention 
system can become saturated, permitting the secretion of 
normally retained components such as protein disulphide 
isomerase (PDI). An immunoreactive homologue in plants 
is also upregulated by the over-expression of reporter con-
structs bearing the KDEL signal (in collaboration with J. 
Denecke, Gent). 

We have now successfully cloned and sequenced the heavy 
and light immunoglobulin chains from both anti-idiotype an-
tibodies which recognize the 72 kDa protein. No obvious 
basis for the mimicry of the KDEL signal was found, but the 
cDNA clones are now being used to construct cell lines with 
inducible anti-idiotype expression. Further characterization 
of the 72 kDa KDEL binding protein itself by cDNA cloning 
and more detailed biochemical and immunocytochemical 
analysis is also being undertaken. 

Role of low molecular weight GTP binding 
proteins in intracellular traffic 
(A. Wandinger-Ness & C. Wimmer; in 
collaboration with K. Simons & M. Zerial) 

Small molecular-weight Ras-like GTP-binding proteins have 
been implicated in directing specific vesicular transport be-
tween various compartments, on both the endocytic and the 
exocytic pathways. Henry Bourne has proposed that they 
function by forming complexes with specific components on 
the donor and acceptor membrane compartments (Bourne, 
1988). The hydrolysis of GTP in turn ensures specific de-
livery and fusion. Three low molecular weight GTP-binding 
proteins have recently been localized to specific subcellu-
lar compartments (Chavrier et al., 1990); Rab-2 is found 
in the intermediate compartment and may be involved in 
vesicular transport between this compartment and the ER 
or Golgi, Rab-5 is found on the plasma membrane and 
on early endosomes and has been shown to be important 
for early endosome fusion (J.-P. Gorvel et al., Cell, in 
press) and Rab-7 is found in late endosomes and may 
be involved in transport between this compartment and 
early endosomes, Iysosomes, or the trans-Golgi network 
(TGN). 

To understand how these proteins mediate specific vesicular 
transport from one compartment to the next, it is of interest 
to identify interacting components. One approach we are 
taking to identify such interacting components is to raise 
network antibodies. We aim to raise first round antibodies 
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against Rab-2, Rab-5 and Rab-7. These will be tested for 
their inhibitory effect on in vitro transport assays. Those 
which interfere in these assays will be used to generate anti-
idiotype antibodies. Such antHdiotype antibodies should be 
useful reagents for the identification of further components 
of the vesicular transport machinery. 

So far, we have successfully over-expressed the Rab pro-
teins in soluble, native form in Ecoli. The proteins constitute 
up to 20% of the total cellular protein and bind GTP. Rab-5 
can be purified to homogeneity by a single column step. 
Rab-2 requires two column steps for comparable purifica-
tion. 

We are now raising antibodies against both purified protein 
and isolated carboxy terminal domains of these Rab proteins 
as a starting point for production of anti-idiotype reagents. 
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Functional properties of cytoplasmic intermediate filaments and nuclear lamins 

Group leader: S.D. Georgatos 

Fellows: F. Gounari*, P. Kouklis, A. Merdes*, T. Papamarcaki*, G. Simos* 

Visitor: K. Djabali* 

Assistants: M. Brunkener*, K. Clauer* 

Intermediate filaments (IFs) represent major constituents of 
the cytoplasmic matrix and the nuclear lamina in almost 
all eukaryotic cells. Despite their ubiquity and abundance, 
the function of these elements remains elusive. To study 
the physiological role of IFs, we are exploring three basic 
strategies: 

(1) "Nearest-neighbour" analysis to identify cellular fac-
tors that may interact with the protein subunits of IFs. In 
these experiments we employ in vitro binding assays 
and anti-idiotypic antibodies, searching for potential 
IF-"receptor" sites in various membraneous organelles. 

(2) Microinjection experiments, whereby synthetic pep-
tides representing different regions of the IF subunits, 
or site-specific antibodies against certain domains, are 
introduced into living cells to disturb the network of IFs 
in vivo. This approach will soon be extended to trans-
fection studies with DNA coding for mutant IF-subunits. 

(3) Characterization, or genetic manipulation, of eukaryotic 
systems with a "null" phenotype in respect to IF 
expression. This effort inCludes a survey of the yeast 
system (which may possess a "primitive" form of IF 
proteins) and, in the future, an attempt to exploit anti-
sense reagents to silence the endogenous IF genes of 
animal cells. A brief description of the projects currently 
in progress is given below. 

Associations of cytoplasmic IFs with 
nuclear lamin 8 

Based on previous studies which indicated that mesodermal 
IF proteins (vimentin, desmin) bind to nuclear lamin B in 
vitro, we utilized anti-idiotypic antibodies to study the inter-
actions of a neuronal IF subunit, peripherin, with the nuclear 
lamins. Immunization of laboratory animals with a synthetic 
derivative of the C-terminal domain of peripherin, which 

binds to lamin B in vitro, yielded on the one hand idiotypic 
antibodies against peripherin and on the other hand anti-
idiotypic antibodies recognizing exclusively nuclear lamin 
B. In more recent experiments we obtained similar anti-
idiotypic antibodies against lamin B after immunization with 
a monoclonal antibody addressed to the C-terminal domain 
of vimentin. These studies, which indicate that cytoplasmic 
IFs may somehow interact with the nuclear lamina, will be 
continued using microinjection manipulations and ectopic 
expression of IFs. 

Molecular interactions between nuclear 
lamins, interphase chromatin and the 
nuclear membrane 

This year we have established a binding assay to study 
the associations of nuclear lamins with interphase chromatin 
(in collaboration with J. Yuan, Rockefeller Univ., USA). We 
found that, out of the two avian lamin types that have been 
examined, only the type-A lam ins show significant bind-
ing to polynudleosomal particles under in vitro conditions. 
The binding is of high affinity, saturable and sensitive to 
protease-digestion of the chromatin. We are now trying to 
find out whether CDC2-mediated (mitotic) phosphorylation 
affects this interaction (in collaboration with the group of 
Giulio Draetta) and to define further specific sites along the 
lamin A molecule that may be involved in chromatin binding. 

Another aspect of this investigation involves the attachment 
of the nuclear lamin B to the inner nuclear membrane. 
We have previously described a 58 kDa integral nuclear 
envelope protein (p58), which behaves in vitro as a typi-
cal "receptor" for nuclear lamin B and which is regulated 
by cAMP-dependent phosphorylation. We are interested in 
studying the targeting of this protein to the inner nuclear 
membrane as well as the molecular basis of its interaction 
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with the nuclear lamin B. 

Identification of a "Iamin 8-like" protein 
associated with the lens plasma membrane 

Exploiting two different anti-idiotypic antibodies against 
lamin B (see above), we have identified a "Iamin B-like" 
polypeptide localized in the plasma membrane of eye lens 
cells. This protein represents a Triton-X-1 OO-resistant, urea-
extractable membrane protein that shares antigenic deter-
minants with the C-terminal domain of lamin B. The region of 
similarity with nuclear lamin B appears to be extensive. We 
have recently generated protein sequence data by cleaving 
the lens polypeptide with proteases and we are currently 
cloning the cONA coding for this protein. 

Use of specific antibodies to alter the 
structure and function of IFs in vivo 

Using anti-idiotypic antibodies, we have identified a novel 
homotypic interaction between two different sites (termed fJ 
and E) along the IF subunit molecules. Both in vivo and in 
vitro analysis allow us to conclude that the fJ-E association 
is important in the regulation of IF thickness and network 
architecture inside eukaryotic cells. Currently, microinjec-
tion of antibodies and peptides modelled after these two 
sites are being used to provoke dramatic changes in IF 
organization in vivo. The functional changes in the injected 
cells are being monitored by various in situ methods. We 
have already investigated (with the help of I. Mattaj) the 
import of snRNPs and protein into the nucleus in these 
model systems but found no substantial changes when the 
IFs are altered by antibody injection. Our studies are now 
concentrated to other physiological processes such as cell 
division, membrane traffic and cell contact phenomena. 
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Identification of yeast lamin analogues 

In previous immunochemical and protein-chemical studies, 
we have obtained evidence indicating that nuclear lamin 
analogues may occur in yeast. We are going to screen a 
yeast expression library with site-specific antibodies recog-
nizing conserved regions of the lamin molecules in an effort 
to isolate, clone and characterize the corresponding cONAs. 
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Differentiation Programme 

Introduction 

Researchers within the Differentiation Programme work on 
a wide spectrum of aspects related to the central questions 
of how cell growth is controlled, how cells acquire their 
specialized functions and how the body plan develops. 

The groups of Courtneidge, Fasano and Bohmann are inter-
ested in understanding how external signals are transmitted 
to the interior of the cell, resulting in an altered pattern of 
gene regulation. Since these processes involve phosphory-
lation events, mechanisms of phosphorylation and dephos-
phorylation of key substrates are at the centre of their atten-
tion. Grat's group works on transcriptional regulators which 
play important roles in haematopoietic differentiation and 
which can contribute to leukaemia induction. Giulio Draetta's 
group, which joined the Programme at the beginning of 
the year, studies the molecular pathways controlling cell 

division during normal growth control, mechanisms which 
again involve a series of complex phosphorylation events. 
The groups of Duboule, ROther and Zeller focus on em-
bryonic development in higher vertebrates, in particular that 
of chickens and mice. All three groups are studying limb 
development as a model to understand how the principal 
axes in the body are determined. A direct link to the work 
of the other groups stems from the fact that several of the 
genes which are critical for differentiation and development 
act at various levels of signal transduction pathways, such 
as genes encoding growth factors and transcriptional regu-
lators. 

The Programme is now awaiting the arrival of another group 
leader, Marek Mlodzik, who works on the development and 
differentiation of the compound eye of the fruitfly Drosophila. 
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Haematopoietic cell differentiation analysed by the nuclear oncogenes v-myb and v-ets 

Group leader: T. Graf 
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Assistants: G. DOderlein, S. Grieser, A Marknell 

We are studying the avian erythroleukaemia virus E26 as a 
model to analyse mechanisms of leukaemogenesis and in 
vitro transformation of haematopoietic cells. We are also 
using the virus as a powerful tool to expand immature 
haematopoietic cells and to analyse the molecular basis 
of commitment or "determination" during haematopoietic 
differentiation. E26 virus contains two oncogenes, v-myb 
and v-ets, both of which are derived from haematopoietic 
cell-specific proto-oncogenes which encode transcriptional 
activators. The products of these two oncogenes are fused 
into a single nuclear protein which likewise is a transcrip-
tional activator. E26 virus was originally isolated by repeated 
injections of chickens with an ancestral retrovirus, followed 
by selection from the most rapidly affected animals. The 
acquisition of two oncogenes during this process strongly 
suggests that they cooperate in the induction of leukaemia. 

Mechanisms of cooperativity between 
v-myb and v-ets 

To determine the function of v-myb and v-ets in oncogene 
cooperation, mutants were constructed which express v-
Myb or v-Ets either alone or simultaneously as separate 
proteins. These mutants were then tested in an in vitro 
transformation assay using 2 day old chicken embryo cells 
(blastoderm). The original virus encoding the fusion protein 
is capable of transforming both immature erythroid cells 
as well as myeloid cells. Studies with the mutants showed 
that in erythroid cells, myb and ets can cooperate when 
expressed both in cis (that is, as a fusion protein) as well 
as when they are expressed in trans (that is, as separate 
proteins). Interestingly, however, erythroid cells transformed 
by the fusion protein are very immature and have properties 
of stem cells (see below) while erythroid cells transformed 
by the virus expressing separate v-Myb and v-Ets proteins 
are fully committed. When tested in vivo, only virus express-
ing the fusion protein caused leukaemia, while all others did 
not. Unexpectedly, injection of virus expressing v-Myb and 
v-Ets separately led to the development of leukaemias after 
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prolonged latencies. These leukaemias were found to have 
originated from the formation of recombinants expressing 
novel Myb-ets fusion proteins. Our studies indicate that 
fusion of two transcriptional regulators represents a new 
type of mechanism by which the oncogenic potential of 
proto-oncogenes can be activated. 

Transformation of haematopoietic stem cells 
with the E26 virus 

As mentioned before, E26 is capable of transforming imma-
ture "erythroid" cells as well as myeloid cells. In addition, 
it induces the formation of mixed colonies, containing both 
types of cells. We have now been able to show that the 
mixed colonies arise from a single multipotential progenitor 
which corresponds to the transformed immature "erythroid" 
cell. Pure transformed progenitor clones can be induced 
to differentiate into both myeloblasts and eosinophils by 
expression in these cells of tyrosine kinase-type or serine 
kinase-type oncogenes, the ras oncogene or by treatment 
with phorbol esters. This finding shows that E26 is capable 
of transforming a multi potential haematopoietic progenitor 
and suggests that the disease caused by the virus is not 
a typical erythroleukaemia but corresponds to a stem cell 
leukaemia. We are now using this as the basis of a new 
system to study the process of commitment of haematopoi-
etic stem cells at the molecular level. 

Isolation of genes 'differentially expressed 
in myeloid cells transformed by different 
forms of the v-myb oncogene 

Myeloblasts transformed by the E26 virus can be induced to 
differentiate both along the macrophage (8eug et a/., 1984) 
and neutrophil granulocyte lineages (Golay et a/., 1988; 
Introna et a/., 1990). In addition, these cells express the 
Myb-regulated mim-1 gene (Ness et a/., 1989). In contrast, 
cells transformed by AM V, another retrovirus containing a 



different form of v-myb, resemble macrophage precursors 
and do not express mim-1 (Ness et al., 1989). These 
differences can be attributed to three point mutations in 
the DNA binding domain of the AMV v-myb gene since 
back mutations at these sites generate viruses which are 
capable of transforming yet another type of myeloid cell, 
namely granulocyte precursor cells (promyelocytes) which 
are mim-1 positive (Introna et al., 1990). Based on these 
observations we set out to identify additional genes which 
are differentially expressed in myeloid cells transformed by 
different forms of v-myb, hoping to identify genes which are 
characteristic for promyelocytes and which might be directly 
regulated by v-myb. We found seven such differentially 
expressed genes, four of which were identified by sequence 
comparisons. One encodes a small calcium binding protein 
(MRP), another a quiescent cell specific protein known as 
p20K; a third encodes a protein related to ribonuclease 
Aiangiogenin, and a fourth one encodes chicken goose-
type lysozyme. Perhaps the most interesting of these is 
the chicken goose-type lysozyme gene, a gene which we 
found to have no homologies to chicken-type lysozyme 
and to exhibit an overlapping but distinct pattern of tissue 
expression. All four genes identified resemble mim-1 in that 
they encode secreted proteins which are probably stored 
in the granules of promyelocytes. However, they differ from 
mim-1 in that they do not seem to be directly regulated by 
v-myb. 

Structure of the v-Myb DNA binding domain 

The DNA binding domain of the c-Myb protein consists 
of three imperfect repeats of about 50 amino-acids each, 
the first of which is missing in both known v-Myb proteins. 
Sequence comparisons between the repeats, as well as 
between repeat sequences of a large number of Myb-related 
proteins from various species, suggested a helix-turn-helix 
structure and a distant similarity of each repeat to a home-
odomain (Frampton et al., 1989). Based on this similarity, 
in collaboration with the Biological Structures Programme 
(Toby Gibson), a model of the DNA binding domain of v-Myb 
protein was built which was tested by an extensive genetic 
analysis. According to this model, each repeat consists of 3 
a helices packed over a hydrophobic core which is built 
around three highly conserved tryptophan residues. The 
C-terminal helix (a3) forms part of a helix-turn-helix motif 
which can be positioned into the major groove of DNA over 
an eight base pair binding site. We are currently attempting 
to verify this model in collaboration with Dietrich Suck's 
group who is preparing crystals of v-Myb to analyse its 
structure by x-ray diffraction techniques. 

Activation of the transforming potential 
of c-Myb by N- and C-terminal truncations 

The viral myb oncogene products are truncated at their N-
and C-terminal ends relative to c-myb. To determine whether 
both truncations are needed to activate the transforming 
potential of c-myb we have studied a number of viral con-
structs containing either a full length c-myb gene or various 
truncated derivatives (in collaboration with J. Lipsick, SUNY, 

Stony Brook, U.S.A.). The results obtained show that the 
in vitro myeloblast-transforming potential of c-Myb can be 
activated by truncating either the N-terminus, destroying the 
first repeat of the DNA binding domain, or the C-terminus. 
We also observed that the strongest transforming constructs 
contain a myb gene with deletions at both ends and that the 
weakest transforming myb constructs are those that have a 
deletion at the C-terminus only. 

Activation of the leukaemogenic potential 
of v-myb by combination with the v-erbB 
or cMGF gene 

Activation of the transforming potential of the myb oncogene 
by truncation is not sufficient to activate its leukaemogenic 
potential. One possible reason for the inability to cause 
leukaemias is that v-myb-transformed myeloblasts resem-
ble their normal counterparts in that they require chicken 
myelomonocytic growth factor (cMGF, Leutz et al., 1988) 
for proliferation. Earlier studies had shown that the growth 
factor dependence of these cells can be abrogated by 
superinfection with viruses which carry kinase-type onco-
genes, which stimulates growth in an autocrine fashion 
(Adkins et al., 1984). This suggests that the synthesis of 
the cell's own cMGF contributes to leukaemogenesis by 
complementing the action of v-myb. To test this hypothesis 
we have now constructed a virus containing v-myb and 
v-erbB and another virus containing v-myb and the cMGF 
gene (in collaboration with A. Leutz, 2MBH, Heidelberg). 
Both constructs were found to be able to cause myeloid 
leukaemia in chicks, thus confirming the notion that au-
tocrine growth is indeed an essential step in avian myeloid 
leukaemogenesis. 
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The molecular basis for the organisation of the mammalian 
body plan is not yet understood. Several approaches are 
currently underway to explore the genetic programme of 
mammalian development, e.g. the analysis of the vertebrate 
homologues of Drosophila developmental genes (for details, 
see report D. Duboule). We have chosen to use the trans-
genic mouse system in combination with embryonic stem 
cells to test the developmental importance of selected genes 
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 role of the proto-
oncogene c-fos by analysing in more detail different trans-
genic mouse lines (see Research Reports 1989). Daniel 
Bachiller has investigated the changes in the Mx-c-fos D 
mice. Although the c-fos transgene is only expressed upon 
induction (Bachiller & ROther, 1990) these mice die due to 
different types of inflammation. Induction of the transgene 
during embryonal development has only a slight influence on 
the rate of mortality. Compared with our previous findings 
in the H2-c-fos mice (ROther et al., 1988) the thymocyte 
differentiation is only moderately affected and we were 
unable to detect changes in the total serum immunoglob-
ulin titres. However, analysis of the immune responses 
against different antigens in H2-c-fos mice (collaboration 
with Takeshi Tokuhisa, ICMR, Japan) suggests that the 
specific immune responses are highly affected. At present 
we are using the inducible Mx-c-fos D mice to establish an in 
vitro system to investigate the interaction of fos and antibody 
production in B cells. In collaboration with Dirk Bohmann's 
group, Daniel Bachiller has also started to analyse trans-
genic mouse lines expressing different mutated forms of 
the c-jun proto-oncogene. The aim of these studies is to 
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identify jun-specific phenotypes (which were not detectable 
with ectopic expression of wild-type c-jun in transgenic mice) 
and, since fos and jun are involved in a common transcrip-
tion complex, synergistic changes by crossing jun and fos 
transgenic mice. Catherine Ovitt has constructed several 
fos gene versions to inactivate the endogenous c-fos gene 
via homologous recombination. In collaboration with Erwin 
Wagner (IMP, Vienna) five different constructs have been 
tested either by microinjection or by electroporation in two 
different ES cell-lines. More than 2000 colonies were tested 
in small pools by PCR and an additional 400 individual 
colonies by Southern blotting but without success. As soon 
as we have ES cell-lines with one inactivated c-fos allele 
they will be used to generate fos-negative mice through the 
production of chimeric mice. The same approach was also 
chosen by Catherine Ovitt to inactivate the chromogranin 
B gene. This project (in collaboration with Wieland Huttner) 
has first required the cloning and analysis of the mouse gene 
(Pohl et al., 1990a). 

Recently Rama Khokha has shown that down-regulation of 
tissue inhibitor of metalloproteinases (TIMP) by antisense 
RNA production in Swiss 3T3 cells converts them into 
tumorigenic and metastatic cells when injected into nude 
mice (Khokha et al., 1989). To elucidate the role of TIMP 
as a tumour suppressor gene she has started to analyse 
transgenic mouse lines carrying sense and antisense TIMP 
gene constructs. 

We are currently analysing inducible promoters which will 
allow tight regulation of genes under investigation. Carol 
Murphy is in the process of fine mapping regulatory ele-
ments of the human C-reactive protein gene (CRP). Initial 
experiments have shown that this liver-specific gene is as 
tightly controlled in transgenic mice as in humans (Ciliberto 
et al., 1987). Carol Murphy has provided evidence that 



DNA sequences 5' and 3' of the CRP coding region are 
necessary for correct regulation in transgenic mice. More 
precisely defined regulatory elements of the CRP gene will 
allow their use as tools for functional studies. 

Identification of mouse mutants generated 
by insertional mutagenesis 

To identify new genes with important functions in devel-
opment we have screened our transgenic mouse lines for 
phenotypes caused by the integration of the transgene. 
About eighty lines have been systematically tested and 
eight mutants were detected (see Table 1). Tonnie Rijkers is 
currently analysing one of the homozygous-lethal mutants. 
Since homozygous embryos die before day 7 of devel-
opment she has cloned the transgene integration site to 
obtain molecular probes which will be used to differentiate 
between hetero- and homozygote embryos. The ability to 
detect homozygotes at an early stage of development will 
allow investigation into the nature of this lethal mutation. The 
recessive bone malformation mutant called add (anterior 
digit-pattern deformity) was analysed by Thomas Pohl and 
Thomas Schimmang. We were able to collect evidence that 
this mutation is most likely an allele of extra-toes (Xt), a 
dominant mutation in mouse with similar phenotype (Pohl et 
al., 1990b). Presently we are attempting to clone the affected 
gene. 

Table 1 

Phenotypes caused by insertional mutagenesis 

Transgenic mouse lines 141 

Tested by homozygous breeding 83 

Dominant phenotypes 1 (A) 

Recessive phenotypes 7(1xA,1xB, 

2xC,3xD) 

A=bone malformation, B=tremour, C=growth retardation, 
D=homozygous lethal 
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Protein tyrosine kinases play important roles in cellular 
control growth. Many of these kinases are transmembrane 
growth factor receptors, whose function is to transduce 
signals originating in peptide growth factors into the cell. 
However, many membrane tyrosine kinases do not span 
the bilayer: these are known collectively as the src family. 
The 9 members of the src family have extensive sequence 
similarity (>70% at the amino-acid level), and share con-
served functional domains, including the catalytic domain, a 
myristylation signal, carboxy terminal sequences involved 
in the negative regulation of kinase activity, and amino-
terminal sequences known as the SH2 and SH3 domains. 
These latter motifs are present not only in all members 
of the src family but also in other proteins such as the 
tyrosine kinases encoded by the c-ab/ and c-fps genes, 
the oncogene crk, phospholipase C1', GTPase activating 
protein (GAP), and the structural protein spectrin. These do-
mains are postulated to be involved in substrate recognition 
and control of enzyme activity. 

While most of the src family members are somewhat re-
stricted in their expression, three (c-src, fyn and c-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, particularly their 
roles in normal and abnormal growth control in fibroblasts. 
We principally study these enzymes in two systems; in 
normal fibroblasts and in polyoma virus transformed cells. 

Polyoma virus transformed cells 

The study of polyoma virus transformed cells has shown that 
the transforming protein of polyoma virus, middle T antigen, 
forms stable complexes with pp60c-src, p59 fyn and pp62c-yes . 
The presence of a third protein in these complexes, p81-85, 
correlates with the detection of phosphatidylinositol kinase 
activity. Other laboratories have previously reported that 
middle T antigen is also able to bind to two other cell pro-
teins, of molecular weights 63 and 36 kDa which represent 
the catalytic (36 kDa) and regulatory (63 kDa) domains 
of the serine/threonine phosphoprotein phosphatase PP2A. 
We have recently generated anti-peptide antibodies specific 
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for the 36 kDa and 63 kDa subunits of the PP2A, and 
gone on to show that both middle T antigen and small 
T antigen immunoprecipitates do indeed have associated 
phosphatase activity. This activity is 2A-like, on the basis 
of its inhibition characteristics with okadaic acid. We could 
detect no difference in total phosphatase activity in polyoma 
transformed cells when compared to their normal counter-
parts, suggesting that binding to middle T antigen does not 
grossly affect the enzyme's properties. Using the antiserum 
specific for the catalytic subunit of PP2A, we found that 
middle T antigen was associated with a minor, membrane 
bound form of PP2A. Anti-PP2A antibodies co precipitated 
proteins of 63 and 64 kDa from normal cells; the 63 kDa 
protein was predominantly membrane associated, while the 
64 kDa form was mostly cytoplasmic. Middle T antigen pref-
erentially bound to the PP2A which contained the 63 kDa 
protein, as well as to 60 and 61 kDa proteins (identified 
as src family kinases) and an 81 kDa protein. Furthermore, 
we detected protein kinase activity in PP2A immunoprecip-
itates and protein phosphatase activity in pp60c-src immune 
complexes from extracts of transformed, but not normal, 
cells. These results reinforce the notion that at least a 
portion of middle T antigen bridges a protein kinase with a 
protein phosphatase. To be able to assess the relative roles 
of kinase and phosphatase in transformation, one would 
need to be able to measure their effects separately. To this 
end we have analysed several middle T antigen mutants 
for their ability to bind tyrosine kinase and phosphatase. 
However none of the previously described mutants are able 
to dissociate the binding of the two proteins, i.e. all bind both 
kinase and phosphatase or neither kinase nor phosphatase. 
Our future experiments therefore also include the generation 
of mutants of middle T antigen which will be able to resolve 
this issue. 

We have recently begun a collaboration with the laboratory 
of Dr. J. Feunteun (Villejuif, France) to characterise the 
middle T antigen of another polyomavirus, the hamster 
polyomavirus (HaPV). This virus, which was first described 
in 1967, was molecularly cloned in 1985, but biochemical 
analysis had not been carried out. The virus is of interest 
because it has a very different tumour profile to the mouse 
polyomavirus, with the former predominantly associated with 



lymphoma, and the latter unable to cause lymphoma. We 
have identified the HaPV middle T antigen as a 45 kDa 
protein. Like its murine counterpart, the hamster middle T 
antigen is associated with serine/threonine phosphatase, 
phosphatidylinositol 3-kinase and protein tyrosine kinase 
activities. However, whereas mouse middle T antigen pre-
dominantly associates with pp60c-src and pp62c·yes , ham-
ster middle T antigen is associated almost exclusively with 
p59fyn . The ability of HaPV to cause lymphoid tumours may 
therefore reside in its ability to associate with p59fyn , a 
potentially important tyrosine kinase in lymphocytes. Future 
experiments will seek to examine this more directly, by 
comparing the tumours profiles of retroviruses expressing 
hamster and mouse middle T antigens. 

src family tyrosine kinases in normal fibroblasts 

It has been proposed that the location of the src family tyro-
sine kinases at the inner surface of the plasma membrane 
would allow them to function in signal transduction. Indeed 
we have recently shown that they do indeed respond to 
stimulation with at least one growth factor, platelet derived 
growth factor (PDGF). Treatment of cells with PDGF leads 
to activation of a tyrosine kinase activity in the cytoplasmic 
domain of the receptor after ligand binding to, and dimeri-
sation of, the PDGF receptor. As a result the receptor au-
tophosphorylates on at least two tyrosines, and changes its 
conformation, which leads to the binding of several proteins. 
Some of these proteins had previously been identified as 
a phosphatidylinositol 3-kinase (the same enzyme which 
is found in association with pp60c-src :middle T antigen), a 
serine/threonine kinase (Raf-1), phospholipase C,,! and the 
GAP protein (involved in control of the GTPase activity of the 
ras oncogene). We have recently identified several of the 
proteins of the src family in this complex, and shown that 
interaction between the PDGF and its receptor stimulates 
the tyrosine kinase activities of all these src family proteins. 
It is not clear yet whether this giant complex is formed 
on each dimer of the PDGF receptor, or whether different 
PDGF receptors complex with only one or two of these 
proteins. However the formation of a complex in vivo of all 
these proteins suggests that they are all involved in signal 
transduction, although the roles of many of these proteins, 
including the src family of tyrosine kinases, in this process 
is still unresolved. 

Recent experiments have concentrated on an analysis of the 
sequences required for src family tyrosine kinases to bind 
to the PDGF receptor. In collaboration with Dr. J. Cooper 
(Seattle, USA), we have demonstrated that PDGF receptors 
lacking tyrosine at one of their autophosphorylation sites, 

tyr 857, are unable to bind the src family kinases, whereas 
mutants at the other major tyrosine phosphorylation site, tyr 
751, are able to. This is in contrast to the PI kinase, which 
had been shown to require tyr 751 for binding, but similar to 
the binding requirements of PLC,,!- These results thus show 
that not all associated proteins bind to the same sites on 
the receptor. Interestingly, even though the phe751 receptor 
mutant is able to bind src family kinases as efficiently as 
wild-type receptor, they fail to become activated by PDGF 
stimulation. These results thus imply the requirement for 
more than just binding to the receptor to become acti-
vated. 

We have also generated several mutants of p59fyn, and 
used these in similar receptor binding assays. Our data 
indicate that p59fyn does not need to have kinase activity 
to bind, and furthermore, that kinase inactive p59fyn be-
comes phosphorylated when associated with the receptor. 
The likeliest model is that p59fyn is phosphorylated by 
the PDGF receptor itself, and one could propose that this 
phosphorylation may be responsible for the activation of 
p59fyn kinase activity which accompanies association with 
the PDGF receptor. We are currently identifying and mu-
tating this site(s) to test this hypothesis directly. Mutational 
analysis has also implicated the SH2 domain of p59fyn in 
binding to the receptor, in good agreement with the data 
of others. To assess the role of these proteins in PDGF 
signal transduction, we are currently designing dominant 
negative mutations in individual proteins of the complex, 
and screening for defects in signal transduction in cells 
expressing them. 
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The RAS gene products positively regulate the progression 
of yeast through the G1 phase of the cell cycle (De Vendittis 
et al., 1986a). Besides their effect on growth, mutations 
which either activate or impair the function of the yeast RAS 
gene products affect metabolic parameters, like glycogen 
levels, as well as adaptative responses such as sporulation 
and thermotolerance (Toda et al., 1985; De Vendittis et al., 
1986a). These biological effects are mediated by a positive 
action of Ras proteins on adenylyl cyclase (Toda et al., 
1985; De Vendittis et al., 1986a,b). We have investigated 
the molecular mechanisms regulating the function of Ras 
and adenylyl cyclase, and the role of the two proteins in the 
control of cellular responses. 

How does GTP activate Ras? 

Using random mutagenesis, we have identified four regions 
of the Ras2 protein where single amino-acid substitutions 
were capable of deregulating function. These regions are 
centered around positions 19, 40, 70, and 82-84. Since 
the yeast and the human Ras proteins are highly re-
lated over the 160 N-terminal amino-acids, the positions 
that we have identified correspond to residues 12, 33, 
63, and 75-77 of the human protein. A schematic view 
of the relationship of these residues with the nucleotide 
binding site is shown in Plate 6. This model has been 
constructed taking into account both the three-dimensional 
structure of the human H-ras gene product determined 
by Schlichting et al. (1990), and the biochemical proper-
ties of the mutants. For simplicity, we will use the co-
ordinates of the human protein to describe the effect of 
the mutations. The salient features of the model are: 
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PLATE 6 

Conformational changes during the transition of Ras from the 
GDP- to the GTP-bound state. 
A schematic two-dimensional view of relevant topological relation-
ships between Ras and the bound nucleotide has been drawn 
according to Schlichting et al. (1990). Circles indicate phosphates. 
Structural rearrangements that follow the replacement of GDP by 
GTP are indicated by gray lines. 



The replacement of amino-acids in the region 12-13 or 
59-63 by other residues activates the oncogenic func-
tion of the protein in higher eukaryotes. In yeast cells, 
the same mutations cause inability to arrest properly in 
the G1 phase of the cell cycle (reviewed by Fasano, 
1986). 

The region centered around position 33 (loop L2) is 
important for the interaction of Ras with its target, since 
a single amino-acid substitution at this position reduced 
the ability of Ras to stimulate adenylyl cyclase (Fasano 
et a/., 1988). The structure of this loop is reorganized 
upon replacement of GOP by GTP (Schlichting et a/., 
1990). 

Residues 75-77 (end of loop L5) are also important 
for function, since the introduction of other amino-acids 
strongly reduced adenylyl cyclase stimulation by Ras 
(Fasano et a/., 1988). 

The replacement of Gly 75 by Ser did not modify the 
affinity of Ras for GOP, while decreasing the affinity 
for GTP (Kavounis et a/., 1991). Therefore, despite 
the great thermal mobility of loop L4 (Schlichting et 
a/., 1990), the modification of Gly 75 can influence the 
nucleotide binding site. A possible explanation is that 
L4-L5 are mobile in some directions, but that the two 
loops are relatively rigid in linking nucleotide-proximal 
with distal residues. A further implication of this result 
is that the binding of macromolecular effectors of Ras 
to loop L5 could influence the binding of the nucleotide, 
and vice versa. 

We are now evaluating the functional properties of mutated 
Ras proteins harbouring additional single amino-acid substi-
tutions in loops L2 and L4-L5. We have also crystallized the 
GOP-binding domain of the yeast Ras2 protein expressed 
in E.co/i (in collaboration with O. Tsernoglou's group). 

How does Ras.GTP activate the function 
of adenylyl cyclase? 

The yeast adenylyl cyclase (encoded by the gene CYRl) 
is functionally inactive in the absence of Ras proteins, 
while becoming capable of cyclic AMP biosynthesis in the 
presence of the GTP-bound form of Ras (Oe Vendittis et 
a/., 1986a). Moreover, single amino-acid substitutions at 
position 1651 of the adenylyl cyclase result in detectable 
activity even in the absence of Ras (Oe Vendittis et a/., 
1986a). These and other evidences suggest the following 
model (Plate 7): 

Regulatory N-terminal regions of adenylyl cyclase neg-
atively and reversibly regulate a C-terminal catalytic 
domain in the absence of Ras. 
Amino-acid residue 1651 is critical for the interaction 
between regulatory and catalytic domains. According 
to the model, the activation of catalytic function by sin-
gle amino-acid substitutions at position 1651 could be 
explained by a reduced interaction between inhibitory 
and catalytic domains. 

A prediction of the model was that some amino-acid substi-
tutions at position 1651 could lead to a stronger interaction 
with regulatory domains, thus resulting in hyperinhibition of 
catalytic function. This has indeed been observed after the 
introduction of an aspartic acid residue at position 1651 
(Feger et a/., 1991). In agreement with the model, the 
removal of N-terminal domains from the attenuated enzyme 
(carrying aspartic acid at position 1651) restored the activity 
of the catalytic domain (Feger et a/., 1991). 

We have taken advantage of the enzyme carrying aspartic 
acid at position 1651 to select randomly induced mutations 
that could reactivate the function of the attenuated adenylyl 
cyclase. We have identified point mutations, leading to sin-
gle amino-acid substitutions at positions 1331, 1345, 1348, 
and 1374, individually capable of restoring function (Feger 
et a/., 1991). These residues define a new region of adenylyl 
cyclase that is involved in the negative control of the catalytic 
domain. 

A mutated adenylyl cyclase harbouring a single amino-
acid substitution at position 1374 (see above) and a wild-
type sequence at position 1651 was found to show an 
impaired response to Ras (Feger et a/., 1991). Therefore, 
even though the mutation at position 1374 was initially 
identified on the basis of its ability to activate the catalytic 
domain in the absence of Ras, it turns out to affect Ras-
dependent activation. This shows that the same amino-acid 
residues are critical both for the negative regulation of the 
catalytic center (in the absence of Ras) and for the Ras-
dependent regulation. 

COOH 

NH, 

Ras·GDP t l Ras·GTP 

NH, 

PLATE 7 

Regions controlling the function of adenylyl cyclase. 
Single regulatory residues within the 2026 amino-acid protein have 
been defined by spontaneous and randomly-induced mutations. 
The stack of parallel lines indicates a leucine-rich repeat region 
that is required for Ras-dependent function. R=regulatory domains. 
C=catalytic domains. 
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How do Ras and adenylyl cyclase 
coordinate growth with metabolism? 

We have approached this problem by isolating and charac-
terizing yeast genes able to suppress temperature-sensitive 
RAS functions, upon expression on a high copy number 
plasmid. We isolated two genes, originally called PR3E and 
KOM1, which turned out to be allelic with TPK3 and SCH9, 
respectively. The latter had been previously identified as 
suppressors of a temperature-sensitive CDC25 function. 
The disruption of SCH9, which encodes a putative protein 
kinase of 824 amino-acids, resulted in a longer G1 phase of 
the cell cycle. The relationship between TPK3, SCH9 and 
other elements of the Ras pathway has been investigated 
by various techniques. 

To evaluate the relevance of our work to the problem of Ras 
function in mammalian cells, we have continued to search 
for related proteins in mammalian cells. 
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Homeobox containing genes and the molecular biology of vertebrate development 

Group leader: D. Duboule 

Fellows: P. Dolle*, J-C. Izpisua-8elmonte, A. Renucci, G. Urier* 

Visitors: H. Kulessa*, J. Zakany*, V. Zappavigna 

Assistants: H. Falkenstein, M. Lemaistre* 

The mammalian genome contains about 40 members of 
the Hox gene family. These genes are clustered in four 
complexes (HOX-1,-2, -3 and -4) and encode proteins 
(homeoproteins) harbouring 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 combina-
tions of such proteins could differentially affect the same 
or different genes located "downstream" in developmental 
pathways and therefore finally lead to 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. 

Structure and function of the HOX-4 complex 

The HOX-4 complex (formerly called HOX-5) 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 (from Hox-4.4 to 
Hox-4.8) 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. 

Hox promoter analysis in vitro and 
in transgenic mice 

The Hox-4.4 promoter has been extensively studied in mice, 
humans and chickens. Sequence comparisons revealed 
highly conserved areas and some of the factors binding 
the sequences in these areas are currently being analysed. 
Various pieces of the mouse Hox-4.4 promoter have been 
reintroduced into transgenic mice, driving the bacterial lacZ 
gene as a reporter. Preliminary results indicate that the 
complete region between Hox-4.4 and Hox-4.5 is neces-

49 



sary to obtain an expression pattern similar to that of the 
endogenous gene. 

The functions of the Hox-4 homeoproteins 

Four Hox-4 homeoproteins have been introduced into bac-
terial as well as into eukaryotic expression vectors. In vitro 
binding assays have shown that proteins made in these 
vectors can bind to various Hox consensus DNA sequences 
which are found in some of the Hox-4 promoters. We 
therefore analysed the homeoproteins' potential to trigger 
transcriptional regulation in cotransfection assays. We found 
that the presence of Hox consensus sequences upstream 
of the luciferase reporter gene allows a transactivation in 
the presence of cotransfected Hox proteins. This indicates 
that transcriptional regulation probably occurs within the Hox 
network. 

The Hox genes and the morphogenesis of 
the vertebrate limb 

We have extended our original work performed on the 
mouse system to the chicken wing system and cloned and 
analysed half of the chicken HOX-4 complex. The effect 
on Hox gene expression was then analysed after various 
manipulations affecting wing patterning. We found that the 
Hox-4 genes can be reactivated in vivo by treatment with 
retinoic acid. If this treatment is applied at the anterior 
margin of the developing wing, a duplication of the Hox-4 
expression patterns is observed in parallel to the duplication 
of the wing digit pattern. This suggests that the Hox genes 
could be under the regulation of retinoids (whose morpho-
genetic potentials are well documented) and that they are 
directly involved in setting up both the axis polarity and digit 
pattern in this system. 
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Signal dependent transcription regulation by nuclear proto-oncogene products 

Group leader: D. Bohmann 

Fellows: Y. GOldberg*, A.G. Papavassiliou*, S. Smith 

Assistant: C. Chavrier 

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 cognate 
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 gene expression pattern of the 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 
and excitement to studying them. The 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 particular 
those encoded by proto-oncogenes, in signal-dependent 
processes such as growth-control and cell differentiation? 

The phosphorylation status of c-Jun influences 
specific DNA-binding activity 

The product of the c-jun proto-oncogene, c-Jun, is a com-
ponent of the transcription factor family AP-1. AP-1 activity 
can be stimulated by a wide panel of extracellular inducers 
including growth factors, cytokines, trans-synaptic signals, 
and tumour promoting agents, as well as by non-nuclear 
oncogene products like Src and Ras. The regulation of 
AP-1 activity can occur at the transcriptional and the post-
transcriptional level. Both the abundance and the specific 
activity of AP-1 proteins can vary in response to cell stim-
ulation. We have begun to study the contribution of c-Jun 
to the signal-dependent changes of AP-1 activity. In par-
ticular we are interested in post-translational mechanisms 
of c-Jun regulation, which could be involved in mediating 
the primary transcriptional response of cells to extracellular 
stimuli. A special filter-binding assay was employed that 
allows the comparison of DNA-binding activity of differen-

tially phosphorylated Jun proteins which were obtained both 
from engineered bacteria and from HeLa cells which were 
infected with recombinant vaccinia virus, or transiently trans-
fected with plasmid expression vectors. The experiments 
showed that c-Jun from uninduced HeLa cells is essentially 
incompetent for specific DNA-binding. Binding activity can 
however be restored by dephosphorylating Jun with potato 
acid phosphatase. Interestingly Jun protein isolated from 
HeLa cells that were stimulated with PMA, a phorbol es-
ter with well known tumour promoting and AP-1 inducing 
activity, is competent for DNA-binding without phosphatase 
treatment. These data indicate that the activity of c-Jun 
can be regulated at the protein level by TPA-induced phos-
phorylation or dephosphorylation events. We are now in 
the process of further characterizing this novel regulatory 
pathway and its potential involvement in various biological 
processes including cellular transformation by v-Jun. 

Molecular characterization of the transcriptional 
activity of c-Ets 

The product of the c-ets proto-oncogene is a sequence-
specific DNA-binding transcription factor. Several features 
make c-Ets interesting to us: it has been shown in vivo 
to act synergistically with the AP-1 constituents Jun and 
Fos in the transcriptional activation of target genes. Sev-
eral lines of evidence suggest the participation of c-Ets in 
antigen-dependent T-cell differentiation. After T-cell stimu-
lation, c-Ets becomes hyperphosphorylated and loses its 
tight association with chromatin. To study the molecular 
basis of the interaction between Ets and Jun/Fos and to 
investigate possible mechanisms of signal-dependent Ets 
regulation we have begun a biochemical analysis of the 
protein. Ets protein for our studies was obtained either by 
expression in recombinant baculovirus, and E.coli systems, 
or by affinity purification from tissue culture cells. We have 
established conditions for binding, affinity purification, and 
Ets-dependent in vitro transcription. This system should 
enable us to study the molecular basis for the combinatorial 
effects of c-Ets and Jun/Fos on gene activity as well as 
the potential influence of phosphorylation events on the 
transcriptional or DNA-binding activity of Ets. 
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In vivo studies on the transcriptional activity 
of leucine zipper proteins 

Activation of transcription by AP-1 proteins requires the 
integrity of the "leucine zipper" dimerization domain which all 
members of this transcription factor family have in common. 
We have developed a transient transfection system em-
ploying fusion proteins consisting of the gal4 DNA-binding 
domain that has a specificity not normally present in mam-
malian cells, and leucine zippers derived from different 
AP-1 constituent. These transcriptionally inert molecules 
can function as adapters that target corresponding leucine 
zipper-containing proteins to DNA-binding sites that are dif-
ferent from their own recognition sequence. With this system 
we can assess the strength and specificity of leucine zipper 
interactions in vivo and can analyse the transcriptional ac-
tivity of individual proteins of the AP-1 family independently 
of the dimerizing partner molecule. 
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The molecular basis of limb pattern formation 

Group leader: R. Zeller 

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

Assistant: P. Blundell 

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

Cloning and molecular analysis of the 
chicken bFGF gene 

Evidence obtained by other groups has revealed decisive 
roles for peptide growth factors in inductive events during 
embryogenesis. We have initiated a study of the possible 
role of such growth factors during organogenesis and limb 
pattern formation in the chicken embryo. We succeeded 
in isolating embryonic cDNAs encoding chicken bFGF. Se-
quence analysis reveals that the homology of chicken bFGF 
at the amino-acid level is about 90% with other species. 
Northern blot and RNase protection analysis show expres-
sion of several bFGF transcripts during embryogenesis and 
limb morphogenesis. Unexpectedly, RNase protection arial-
ysis suggests alternative splicing of exon 1 of the bFGF 
gene. We are in the process of cloning this alternative exon 
because it will provide important clues to both regulation of 
bFGF expression and protein function. Furthermore, cDNA 
cloning and RNA analysis demonstrate the existence of 
an antisense bFGF transcript. Previous experiments by 
Kimelman & Kirschner in X.laevis oocytes suggest that this 
antisense transcript regulates the stability of bFGF sense 
mRNAs. Analysis of the temporal and spatial pattern of 
both transcripts (by in situ hybridization) and bFGF proteins 
(using polyclonal antisera) is currently in progress. 

The chicken limb deformity (/d) gene 
encodes evolutionarily conserved nuclear 
proteins: the form ins 

The previously isolated murine Id gene encodes the gene 
products required for anteroposterior limb pattern formation 
(see references). Its precise role and function in patterning 
remains unknown to date. To gain insight into the molecular 

role of the Id gene, we have cloned the chicken homologue. 
Sequence comparison of the murine and chicken Id gene 
reveals a high degree of evolutionary conservation both 
at the mRNA expression and protein sequence level. The 
predicted Id protein (called formin) bears no significant 
homology to other known proteins. Structurally, the formin 
proteins can be divided into three parts. A variable amino-
terminal domain is created by alternative splicing both in 
embryos and adult tissues; this variable domain is separated 
from the carboxy-terminal domain by a region that is rich in 
polyproline stretches. The carboxy-terminal domain is the 
most conserved domain of all Id sequences so far isolated. 

To study the intracellular localization and molecular function 
of the formins, a polyclonal antiserum was raised against 
part of the carboxy-terminal domain. This antiserum specif-
ically detects a 180 kDa protein in embryos, several adult 
organs (e.g. brain, heart, lung, kidney, small intestine) and 
various cell lines. Recently, these results have been con-
firmed using an independent polyclonal antiserum raised 
against part of the amino-terminal domain. Immunolocali-
sation studies reveal that the formins are nuclear proteins 
(Plate 8). This nuclear localization suggests an involvement 
of the formins in either transcriptional or post-transcriptional 
control of pattern formation. Temporal and spatial distribu-
tion of the formins during embryonic development is being 
studied. Their molecular function will be studied biochemi-
cally, whereas their involvement in limb morphogenesis will 
be probed as described below. 

Ectopic expression of genes in 
chicken limb buds 

Currently we are establishing methods to express ectopi-
cally genes of interest during limb morphogenesis. We have 
succeeded in expressing reproducibly a retroviral vector 
carrying a ,a-galactosidase marker gene (obtained from 
A. Leutz, 2MBH & Th. Graf, EMBL) in specific areas of very 
early limb buds. More importantly, the marker gene stays 
expressed throughout limb development without interfering 
with wild-type patterning. This system in principle should 
allow us to change specifically the expression pattern of 
bFGF, Id and other genes of interest, and to study their 
involvement in limb morphogenesis in more detail. 
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PLATE 8 

Formins are nuclear proteins. 

A: Localisation of the form ins in chicken embryonic fibroblasts 
using a polyclonal antiserum raised against the carboxy-
terminal domain. 
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Cell cycle control in yeast and mammalian cells 

Group leader: G. Draetta 

Fellows: G. Basi*, B. Ducommun*, M. Pagano*, I. Roussou* 

Visitors: P. Brambilla*, M. de Marchis*, B. Raynaud* 

Assistant: M. Stein* 

Our group is interested in understanding how cells are able 
to respond to environmental stimuli (availability of nutrients, 
interaction with neighbouring cells, hormones and growth 
factors etc.) and either divide, or arrest and possibly dif-
ferentiate. The cdc2 protein kinase controls the ordered 
occurrence of cell cycle events; it is needed for quiescent 
cells to reenter the cell cycle and for progression through the 
G1/S and G2/M transitions of every single cycle (for review 
see Nurse, 1990; Draetta, 1990). cdc2 and its associated 
subunits have been identified in every tested eukaryotic 
species, and several of the cellular components required 
for cdc2 activation have been conserved throughout the 
evolution. As models for our studies we therefore use the 
fission yeast S.pombe and mammalian tissue culture cells. 
Using both systems we can perform genetics and molecular 
cloning, as well as protein biochemistry, to dissect cell cycle 
and growth control pathways. 

The best characterized form of cdc2 is a complex of the cat-
alytic subunit together with cyclin B (Draetta & Beach, 1988). 
Cyclins are proteins, first identified in marine invertebrates, 
that undergo periodic destruction at specific times in the cell 
cycle. Cyclin B accumulates and binds to cdc2 during the 
G2 phase of the cell cycle. The phosphorylation of a tyrosine 
residue located within the ATP binding site of cdc2 keeps 
the cdc2/cyclin B complex inactive until DNA synthesis is 
completed, and cells are ready to undergo nuclear division 
and cytokinesis (Gould & Nurse, 1989). At that time, a 
tyrosine phosphatase dephosphorylates cdc2. The activated 
cdc2/cyclin B complex phosphorylates a number of proteins 
(histone Hi, lamins, vimentin etc.) which are involved in 
the rearrangements occurring at mitosis. Exit from mitosis 
is achieved through degradation of the cyclin subunit via 
a ubiquitin-dependent pathway. The cyclin B/cdc2 complex 
can bind an additional subunit, suc1, a small (13 kDa in 
S.pombe) protein (Brizuela et al., 1987). The gene encoding 
suc1 was isolated as a suppressor of cdc2 mutations in 
S.pombe; deletion of such a gene causes cell cycle arrest. 
It has been recently suggested that suc1 may target the 
cdc2/cyclin complex to a tyrosine phosphatase, which will 
dephosphorylate cdc2 before mitosis. 

Much less is known about other forms of cdc2 that are acti-
vated at other stages of the cycle, e.g. the G1/S transition. A 

number of cyclin-like proteins have been identified, mostly 
from genetic and molecular cloning studies. For some of 
them a direct interaction with cdc2 has been demonstrated. 
In human cells cyclin A binds and forms an active complex 
with cdc2 in Sand G2. In addition, a fraction of the cyclin A 
and of cdc2 is associated with the E 1 A nuclear oncogene 
in adenovirus-infected cells (Giordano et al., 1989). This 
might represent a major link between virus-induced cellular 
immortalization and cell cycle control. 

We are particularly interested in answering the following 
questions: 

(1) how are extracellular signals transduced to cdc2? What 
happens in the period between the activation of a 
growth factor-receptor kinase and the activation of 
cdc2? How is cyclin transcription activated? What con-
trols cdc2 phosphorylation? 

(2) how are intracellular signals transduced to cdc2? How 
is it for example avoided that cells replicate their DNA 
more than once per cell cycle? 

(3) how is cdc2 regulated as a protein kinase? What is 
the role of the cyclins? Are they simply timing the 
activation of cdc2 at a certain stage? Or are they 
involved in substrate recognition or cellular localization 
of the active kinase? 

(4) what is the role of the suc1 protein? 

To address some of these questions we are taking the 
following approaches. 

Mapping the suc1 and cyclin binding sites on cdc2 

Using site-directed mutagenesis we have mutagenized re-
gions which are most likely to be exposed on the surface of 
the cdc2 protein, and be involved in the reversible interaction 
with regulatory subunits. We have analyzed the recombi-
nant cdc2 proteins for their binding suc1 and the cyclins. 
In addition, we have tested whether the mutated proteins 
function in S.pombe, i.e. could they rescue cdc2 mutations. 
Our results indicate that an area which is conserved in 
cdc2 homologues from several species is involved in cyclin 
binding. We have also identified a binding region for suc1 
(Plate 9). 
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PLATE 9 

Functional domains of the cdc2 protein 
Black areas indicate regions of homology with the protein kinase 
family. Grey areas indicate sequences present in all cloned cdc2 
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homologues. Also shown are amino-acid sequences involved in 
cyclin and suc1 binding, and sequences surrounding mapped phos-
phorylation sites. 
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To study the interaction of the various subunits of the cdc2 
complex we have developed monoclonal antibodies against 
suc1, cdc2 and cyclin A. These antibodies will help us study 
the association of cdc2 with its subunits, as well as the 
interaction with yet unknown cellular factors. 

Definition of the timing of activation of cyclin/cdc2 com-
plexes. 

Using antibodies against cyclins and cdc2 proteins we are 
undertaking a study to determine exactly how the various 
events which occur during cdc2 activation are ordered. We 
have found that, in yeast and mammalian cells, the asso-
ciation between suc1 and cdc2 is regulated during the cell 
cyCle, being weakened in late G1 phase. In addition we are 
performing microinjection and immunofluorescence to study 
the intracellular distribution of the various components, and 
the effects of their overproduction on cell cycle and growth 
control. 

Isolation of novel genetic elements 

In collaboration with Kinsey Maundrell (Glaxo, Geneva, 
CHi we have developed an inducible promoter vector for 
S.pombe. Using this system, we have been able to over-
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express the suc1 protein. Large overproduction of suc1 
causes cell cycle arrest; this has allowed us to isolate 
spontaneous revertants which still express large amounts 
of suc1, yet grow without problems. They could represent 
either intragenic (suc1) suppressors (e.g. point mutations 
which alter the binding of suc1 to some cellular component) 
or extragenic suppressors. The analysis of both type of 
mutants will allow us to define further the interaction of suc1 
with the other cell cycle control elements. 
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Biological Structures and Biocomputing Programme 

Introduction 

The study of structural biology today is one which combines 
a diverse range of techniques and impacts all areas of 
modern molecular biology. It remains the field of biology 
which struggles with the complexity of molecular structure 
in an attempt to understand biological processes. Still, to the 
general biological community, the structure itself may seem 
relatively uninteresting until it is embedded into the biological 
framework in which it functions. This requires a combined 
effort of a number of disciplines and can result in rapid and 
very satisfying progress in biological understanding based 
on the structure. Truly, structural biology has become too 
important to be left to those who only solve structures. 

The past year has seen some dramatic changes occur 
in the Programme. In May, the Biological Structures Pro-
gramme and the research activities of the Biocomputing 
Programme were merged. (The Computer Group and the 

Data Library were placed under the Director GeneraL) One 
goal of the combined Programme is to recruit scientists in 
the two disciplines who will complement each other. Toward 
this end, the decision was taken to bring protein NMR to 
the Laboratory. This technique has now proven its worth 
in solving a number of small protein and protein domain 
structures. It is an ideal complement to the modelling of 
domain structures and of evaluating the success of protein 
designs which forms a part of the biocomputing activity in 
the Laboratory. A new group leader, who works on the 
structures of nucleic acid binding domains, will set up this 
activity. The mechanism of protein folding is a problem 
which unites experimental and computational approaches 
and is also an area of active recruiting. Together these ac-
tivities will increase the already broad range of interactions 
between the computational and experimental groups in the 
Laboratory. 
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Structure of DNA-binding and membrane proteins 

Group leader: D. Tsernoglou 

Scientists: G. Pal, M. Parker 

Fellows: J. John*, M. Sagermann* 

Visitors: S. Jackman*, U. Lang, B. Stec*, I. Vetter*, K. Zemke* 

Assistants: : E. Penka*, A. Tucker, A. Wyrwas* 

Membrane proteins 

Colicins 

The crystal structure of the pore-forming part of this bacteri-
ocidal protein has been determined and a mechanism for its 
mode of action has been put forward (see last year's report). 
The model is being tested in collaboration wtih the group of 
Franc Pattus at EMBL and C. Lazdunski and D. Baty in 
Marseille. Crystals of the entire colicin N have been grown 
(see Plate 10) and their diffraction (as well as the diffraction 
of a putative derivative) was measured at the synchrotron in 
Hamburg. These cubic crystals (a=188 A) diffract to about 
3 A and appear to contain a dimer in the asymmetric unit. 
On the basis of the colicin A structure, we have obtained 
a solution to the rotation function as a first step towards a 
solution based on molecular replacement and/or heavy atom 
derivatives. 

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

The crystallization of proaerolysin (aerolysin is insoluble) 
was reported last year. Native data and four isomorphous 
derivatives were measured in Hamburg at the limit of 
diffraction (2.7 A-3 A). The electron density map (see Plates 
11 A,B, 12) shows that the structure consists mostly of 
,a-sheets, some strands as long as 45 A. A mutant of 
aerolysin whose final form (i.e. without the pro part) fails to 
polymerize is also under study. Electron microscopy work 
on two-dimensional crystals of mature aerolysin shows the 
molecular arrangement within the pore (see report by Kevin 
Leonard). 

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

This toxin is medically very important as it plays a cen-
tral role in the injury done to tissues after staphylococcal 
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PLATE 10 

Crystals of colicin N. 



CENTRED ON A264 ... MODELI 

CENTRED ON A233 .. MODELl 

PLATE 11 (A AND B) 

Portions of the 3.0 A solvent-flattened MIR map of aerolysin. A 
preliminary chain trace is superimposed on the electron density 
maps which are contoured at the 1 sigma level. 

CENlRED ON A264 ... MODELI 

CENTRED ON A233 .. MODELI 
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PLATE 12 

Stereo drawing of aerolysin based on the current interpretation of 
the 3.0 A solvent-flattened MIR map. The asymmetric unit of the 

AEROL YSIN DIMER ... MODEL 1 

infection (Bhakdi & Tranum-Jensen (1983)). The toxin has 
a molecular weight of 33,000. It forms pores in mem-
branes as a hexamer. Small, well-shaped crystals ap-
peared after several months. They diffract to about 7 A 
which, for their size, is quite good, yet insufficient for 
a detailed structural analysis. Examination of the crystal-
lized material by gel electrophoresis showed a molecular 
weight of about 200,000, suggesting that we have crys-
tallized the hexamer. It is thus likely that in this case 
(unlike colicin and aerolysin) we may have the potential 
of observing crystallographically the protein arrangement 
within the pore. We are presently focusing our efforts on 
speeding up the crystallization process. Parameters under 
scrutiny are temperature, pH and possible partial prote-
olysis, though there is no molecular weight change indi-
cated. 

Phosphoporin 

A 3 A intensity set has been measured (Plate 13). On the 
basis of the data of Weiss et al. (1990) on Rhodobac-
ter capsulatus porin we were able to use the molec-
ular replacement method to obtain a possible solution. 
Our solution is in agreement with similar results obtained 
at the Biozentrum Basel on porin and maltoporin from 
E.coli. Thus it appears that all "porins" studied have the 
same basic structure. It is not clear at this point whether 
we can obtain the complete phosphoporin structure or 
whether we shall need help from heavy atom deriva-
tives. 

60 

crystals contain a dimer with each monomer composed of three 
domains rich in ,8-sheet. 

AEROLYSIN DIMER ... MODEL 1 

Other Work 

The structure of a complex between proteinase K and 
PKI3 inhibitor has been solved to 2.5 A. We are currently 
building a three-dimensional model of the complex with 
a view to examining the mode of action of the inhibitor 
which appears to be nicked and covalently bound to the 
enzyme (collaboration with D. Jahny and C. Zemke, Berlin). 
A number of Rop mutants are under study (collaboration 
with M. Kokkinidis, Crete; S. Emery, Braunschweig & C. 
Sander, EMBL). In addition to various point and deletion 
mutants, a new synthetic mutant is under study where 
two Rop helices have been joined together in a different 
order from the wild type. The solution of the structure 
of EcoRV endonuclease and its complex with DNA has 
been completed (collaboration with F. Winkler, Basel). Work 
on adenovirus DNA-binding protein continued (collaboration 
with P. van der Vliet, Utrecht and Paul Tucker of EMBL). 
An electron density map (at 3.5 A) shows the outline of 
the molecule but it lacks sufficient detail for chain tracing. 
Despite extensive search under a variety of conditions it was 
impossible to find good derivatives, non-isomorphism being 
the main problem. Our current efforts are concentrated on 
different solvent conditions as well as a new crystal form. 

Crystals of GroEL protein were obtained. This is an impor-
tant chaperonin which for example facilitates the export of 
,8-lactamase by preventing folding (Laminet et al., 1990). 
The crystal quality still needs improvement. This is part of a 
new project that extends to the study of the related proteins 
GroES and DnaK (Fayet et al., 1986). 



Publications during the year 
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Crystals of phosphoporin. 
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Structural studies on actin and DNA-binding proteins 

Group leader: D. Suck 

Scientist: T. Ceska 

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

Visitors: H. Schwarz, G. Stier 

Assistant: M. Lamers 

Our research interests are focused on two areas: the 
structural basis of protein-nucleic acid interactions and the 
structure and function of actin. The principal experimental 
technique we are using to address these biological problems 
is single crystal x-ray crystallography. 

Actin 

Now that the atomic structure of actin has been determined 
(Kabsch et al., 1990) it should be possible to rationalize 
some of its interactions with actin binding proteins as a 
next step in understanding its functions in muscle and 
non-muscle cells. Because of the tendency of actin to 
polymerize spontaneously, it is in many cases not possible 
to study complexes of actin crystallographically. We are 
therefore trying to construct and express non-polymerizing 
mutants of actin. The high resolution structure determina-
tion confirmed the distinct domain structure of actin. The 
molecule consists of two clearly separated domains with 
the adenine nucleotide (ADP or ATP) bound in a deep cleft 
between the domains. The small domain of actin consisting 
of approximately 140 residues from the N-terminus and 
some 35 residues from the C-terminus can be considered 
the "functional" domain of actin which is largely responsi-
ble for the interactions with many actin binding proteins, 
among them subfragment 1 (81) of myosin. According to 
the actin filament model derived by Holmes et al., (1990), 
this domain is located at high-radius on the outside of 
the filament and should no longer polymerize since im-
portant contacts involving residues from the large domain 
will no longer be present. It should therefore be possi-
ble to crystallize complexes of the small domain of actin 
with 81. From chemically synthesized DNA four different 
constructs have been made containing between 137 and 
189 residues. These constructs have been expressed in 
E.co/i using the T7 expression system, both in the form 
of inclusion bodies and - by varying the induction condi-
tions - partly in soluble form. Large quantities of protein 
( rv 100 mg) have been purified to near homogeneity from 
inclusion bodies. Efforts at refolding the protein which has 
to be solubilized under denaturing conditions have been 
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unsuccessful so far. We are presently investigating an ap-
proach successfully applied to Dyctostelium actin (Frankel 
et al., 1990), whereby the protein is extracted from lysed 
cells in the presence of a detergent. In another approach 
to the problem we are creating non-polymerizing mutants 
of the complete actin molecule by site-directed mutagene-
sis. 

DNase I 

Bovine pancreatic deoxyribonuclease I (DNase I) cleaves 
DNA in a non-specific but clearly sequence-dependent man-
ner. By solving the crystal structures of complexes of native 
and mutated DNase I with double-stranded oligonucleotides, 
we are trying to define the structural parameters determining 
the sequence dependence. The structure of the complex 
between the octamer duplex d(GGTATACC)2 (Octa V) and 
DNase I has been refined to an R-factor of 19.1 % using all 
data between 6 A and 2.4 A. In contrast to the previously 
solved Octa I complex (d(GCGATCGC)2) Octa V is not 
cleaved in the cocrystals (8uck et al., 1988; Lahm et al., 
1991). The packing is different in the two crystal structures: 
while there is continuous base stacking throughout the 
unit cell in the case of Octa V, discrete 14mer units are 
present in the Octa I cocrystals. Despite the differences 
in crystallization conditions, packing environment and base 
sequence, the general architecture of the complex and the 
overall DNA-conformation is the same in both complexes. 
The protein parts of the molecule can be superimposed 
with an rms deviation of 0.7 A for all atoms. Differences in 
the DNA only affect some local helix parameters and are 
mainly confined to the ends. We can therefore conclude that 
the observed global distortions of the DNA, found in both 
complexes - a 3 A widening of the minor groove and a 20° 
bending towards the major groove - are induced by DNase 
I and not an artefact of the particular crystal structure. This 
result is even more Significant since the conformation of the 
enzyme does not change on binding of the substrate. The 
new structure confirms our conclusions that minor groove 
width and bend ability are the major global helix parameters 
determining the sequence dependence of cutting rates. 
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Structure of the DNase I-Octa V complex 
In the top part of the figure the octamer duplex is shown in heavy 
lines together with the C",·trace of DNase I and residues in contact 
with the DNA. A more detailed view of the contacts as well as a 
schematic representation of the interactions is shown below. 
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The majority of the protein-DNA contacts are the same in 
the two structures, but not surprisingly there are additional 
contacts involving the scissile phosphodiester group in Octa 
V, which were missing in Octa I (Plate 14). The disposition 
of residues around the scissile phosphate suggests that in 
addition to the essential H134, H252 may playa role in 
catalysis. 

The H134Q mutant, which has an enzymatic activity about 
105 times lower than native bovine pancreatic DNase I, but 
still shows an identical cleavage pattern (Worrall & Con-
nally, 1990) was crystallized under conditions similar to the 
native enzyme. The monoclinic crystals (space group C2, 
a=92.5 A, b=59.3 A, c=51.6 A, ,8=116.8°) diffract to about 
2.3 A. The structure was solved using molecular replace-
ment and refined to an R-factor of currently 24.2% including 
data to 2.4 A. At the present stage of refinement there are 
no significant structural differences to native DNase I visible 
and therefore this mutant should be very well suited for 
co-crystallization experiments in the presence of cations 
given its very low specific activity. We are presently purifying 
another mutant which has Y76 replaced by an alanine. 
Since Y76 interacts directly in the minor groove of the 
DNA-substrate and appears to be mainly responsible for 
the widening of the groove, the Y76A mutant is expected to 
show a less pronounced sequence-dependence of cutting 
rates. 

In another approach to investigate the enzymatic mecha-
nism and the role of cations we are using oligonucleotides 
carrying an OCH3-group at the 2' -position which are not 
cleaved by DNase I. Very recently we have obtained 
DNase I cocrystals with such a modified oligonucleotide 
((GGUAUACC)2). These crystals (space group P21212, 
a=60.0 A, b=122.0 A, c=51.8 A) are suitable for high reso-
lution x-ray studies. 

P1 nuclease 

As described in last year's report the Zn-dependent, single-
strand specific P1 nuclease from Penicillium citrinum was 
crystallized in three different crystal forms (Lahm et al., 
1990). Meanwhile, the x-ray structure of the tetragonal crys-
tal form with two molecules per asymmetric unit has been 
solved using three derivatives and 2-fold averaging and was 
subsequently refined with the XPLOR package. The present 
crystallographic R-factor including data to 2.8 A resolution 
is 21.6% for a model consisting of 269 amino-acids (out 
of 270), three Zn-ions and two N-acetylglucosamines. The 
enzyme has a fold very similar to that of phospholipase 
C from Bacillus cereus despite the lack of significant se-
quence homology (Plate 15, top). The molecule consists 
of 14 a-helices representing 56% of the total structure 
and contains only one short ,8-hairpin. For three of the 
four asparagine-linked carbohydrate side-chains density is 
visible only for the first N-acetylglucosamin, while two N-
acetylglucosamines and two mannoses are well defined in 
the fourth, linked to N92, presumably because it is packed 
against the protein. The three Zn-ions at the active site are 
located at the bottom of a cleft and appear to be inaccessible 
for a phosphate group in a double-stranded RNA or DNA 
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substrate. The zinc ions are liganded to five histidines, 
three aspartic acid residues, three water molecules and the 
N-terminal tryptophane in an arrangement almost identical 
to that found in phospholipase C. Another interesting feature 
of the P1 structure are the two buried pairs of carboxylate 
groups which may be functionally important. 

A soaking experiment with a thiophosphorylated dinu-
cleotide (R-Ap(S)A) gives clear evidence for two binding 
sites separated by about 20 A. At both sites only a mononu-
cleotide is visible although we have biochemical and crys-
taliograR.hic evidence (from the trigonal crystal form) that 
R-Ap(S)A is not cleaved by P1. This probably means that 
the rest of the molecule is disordered because it is not 
interacting with the protein. At the active site the phosphate 
group interacts with one of the Zn-ions - presumably the 
catalytic Zn-ion - and apparently also with R48. At both 
sites the adenine base is bound in a hydrophobic pocket 
involving stacking interactions with an exposed phenylalanin 
(site 1) or two tyrosine rings (site 2). At the bottom of 
the pocket aspartate residues (D63 at site 1, D 146 at site 
2) form hydrogen bonds with the N6 and N1 positions of 
the adenine ring. Except for an arginine (R48) no other 
residue appears close enough to interact with the substrate 
at the active site. At the present stage it therefore appears 
likely that the catalytic mechanism involves a nucleophilic 
attack by a Zn-activated water molecule. Refinement of 
the orthorhombic cry tal form at 2.2 A resolution will allow a 
more detailed discussion of the structure and function of the 
enzyme. Experiments are under way to replace the Zn-ions 
by other cations to obtain an inactive enzyme which still 
binds substrates. 

Other DNA-binding proteins 

These projects are mostly in the crystallization stage. Over-
expression systems are available and the proteins have 
been purified to near homogeneity in sufficient amounts 
to carry out extensive surveys for suitable crystallization 
conditions. 

Interleukin 6 dependent DNA-binding protein 
(lL-6DBP) (Collaboration with V. Poli & R. Cortese) 

The interleukin 6 dependent DNA-binding protein (IL-6DBP) 
activates the transcription of several acute phase genes 
in hepatoma cells by binding to IL-6-responsive elements 
(IL-6RE). It belongs to the family of basic leucine-zipper 
proteins (bZIP-proteins) which dimerize via a coiled-coil 
structure formed by two a-helices (the leucine zipper) and 
contact the major groove of a B-type DNA via two helical 
basic regions. The DNA-binding domain of IL-6DBP shows 
a strong sequence homology with C/EBP and in fact can 
form heterodimers with this protein. The domain containing 
the leucine zipper and the basic region was cloned and 
over-expressed in E.coli and purified using ion exchange 
chromatography. Cocrystallization experiments were per-
formed with oligonucleotides varying in length from 11 to 
24 base pairs and containing either a symmetrical C/EBP-
site or naturally occurring IL-6RE-sites. Crystals have been 
obtained with a number of these oligonucleotides (either with 



PLATE 15 

Top: Stereo view of the three-dimensional structure of P1 
nuclease. Carbohydrate residues visible in the electron density 
map are drawn in heavy lines. The Zn positions are indicated 
by asterisks. The three-dimensional fold is very similar to that 
of phospholipase C. About 55% of the residues are in helical 
conformation. 
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Bottom: Coordination of the Zn2+ -ions. Three Zn2+ -ions are 
located at the bottom of the substrate binding cleft. Whereas Zn1 
and Zn3 have a more structural role, Zn2 presumably is involved 
in catalysis activating an attacking water molecule. 01, 02 and 03 
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blunt or "sticky" ends). So far, these crystals only diffract 
to about 8 A. HPLC analysis shows that they contain the 
oligonucleotides. 

c-myb/v-myb (collaboration with F. Lim & T. Graf) 

The viral myb oncogene (v-myb) as well as its cellular coun-
terpart (c-myb) encode tissue-specific transcriptional activa-
tors containing 2 or 3 imperfect repeats of a DNA-binding do-
main with structural homology to the homeodomain proteins. 
We are presently trying to crystalize complexes of c-myb 
and v-myb with oligonucleotides containing myb recogni-
tion elements present in the mim1 gene. Very recently 
needle-like crystals were obtained with an oligonucleotide 
containing two myb-binding sites. 

LFB1 (collaboration with P. Monaci, A. Nicosia, 
R. De Francesco & R. Cortese) 

The DNA-binding domain of the transcription factor LFB1 
(also called HNF-1) is tripartite and includes a 32 amino-acid 
long myosin-like dimerization domain forming a coiled-coil 
structure as has been shown by NMR, a homeodomain of 
unusual length (rv80 amino-acids long) and a POU-specific 
domain. Constructs containing the complete DNA-binding 
domain (281 residues) as well as only the homeo- and 
POU-domain (187 residues) have been over-expressed and 
purified. Cocrystallizaion experiments with oligonucleotides 
containing LFB1 recognition sequences are complicated by 
the strong aggregation tendency of the 281-residue protein. 
The shorter construct which still binds specifically to DNA 
appears to be more soluble. 
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Additional crystallization experiments are under way with 
phage T5 exonuclease, a 5' ,3' -exonuclease showing homol-
ogy with the 5' ,3'-exonuclease of E.co/i DNA polymerase 
I, EcoRV methylase, E.co/i dam methylase and the U1 
snRNP-specific U1 A protein. For all these proteins over-
expression systems providing sufficient amounts of material 
are available. 

Publications during the year 
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Structure and function of bacterial ionic channels 

Group leader: F. Pattus 

Scientist: J. Lakey* 

Fellows: J. Gonzalez-Manas*, D. Jeanteur*, J. Lakey*, D. Massotte, U. Wilmsen* 

Visitors: S. Chwetzoff*, E. Lea*, M. Yamamoto* 

Assistants: N. Didat, S. Scianimanico 

The determination of the three-dimensional structure of bac-
terial photosynthetic reaction centres led to the hope that the 
long-standing bottleneck of solving the structure of this class 
of proteins by x-ray crystallography would be over. However, 
a look at the literature published on this topic over the last 
5 years indicates that problems still remain. 

The structure of ion channels and their mechanisms of gat-
ing by membrane potential are fundamental to understand-
ing the mechanism of membrane excitability and are the 
focus of the research in our group. We have bypassed the 
problems of membrane protein crystallisation by studying 
pore-forming proteins produced in a water-soluble form but 
capable of both inserting into biological membranes and 
forming ion-channels. The structures of the soluble form 
of the pore-forming toxins colicin A and aerolysin from 
Aeromonas hydrophila were or are being determined by the 
group of Demetrius Tsernoglou (see Research Report). In 
our group, biochemical, biophysical and genetic engineer-
ing methods are applied to study the conformation of the 
membrane-bound form of these toxins. It is hoped that the 
high resolution structure of the toxins in solution combined 
with structural and functional information on the protein 
inserted in a lipid bilayer will lead to an accurate description 
of the channel's structure and function. 

These toxins are also interesting models to study the inser-
tion mechanism of proteins into membranes. The toxins in 
solution are competent for membrane insertion. 

Our group is also interested in the porins of the outer 
membrane of E.co/i, one of the small group of membrane 
proteins that crystallize properly. 

Colicin A and colicin N (with D. Baty & 
C. Lazdunski, Marseille; M. Parker, A. Tucker, 
D. Tsernoglou & K. Leonard, EMBL; 
Y. Nakatani, Strasbourg; P. Timmins, Grenoble). 

Our main task is still to provide experimental evidence to 
validate (or invalidate) the model for the mechanism of 

insertion of colicin A into membranes and the detailed model 
of membrane-bound structure proposed by M. Parker (see 
Tsernoglou's 1989 Research Report). Protection by lipids of 
the colicin A pore-forming domain from proteolysis indicates 
that the hydrophobic hairpin is buried within the membrane 
and that the long loops connecting the other helical pairs 
are readily accessible to trypsin and a-chymotrypsin. No 
evidence could be obtained that peptide bonds protrude to 
the other side of the bilayer. 

Neutron scattering experiments have been performed in 
Grenoble on lipid/peptide complex by contrast matching in 
D20/H20 mixtures. They showed that in accordance with 
the umbrella model, most of the protein lies at the surface 
of the particle. Modelling of the protein structure is currently 
being performed to fit the high angle scattering data. 

Two new appoaches were developed over the past two 
years. First, site-directed mutagenesis was combined with 
fluorescence spectroscopy to probe the environment of flu-
orescent probes attached to cysteine residues introduced 
at specific points in the protein and also to determine 
distances between tryptophans and the probes. Secondly, 
a new type of photoactivatable phospholipid was used to 
determine the membrane spanning segments of the colicin 
molecule. The type of information which can be obtained 
by fluorescence spectroscopy is illustrated in Plate 16. With 
the help of site-directed mutagenesis, it is now possible to 
attach fluorescent probes at almost any position within the 
amino-acid sequence and thus obtain structural information 
along the entire length of the polypeptide chain. The soluble 
form of the pore-forming domain, the structure of which 
is known, was used as a control. Distances measured 
between tryptophans and the IAEDANS probe attached to 
cysteines located on helix 1, 2 and on a turn between 
helix 6 and 7 were in agreement with those measured in 
the crystal structure. The results obtained show that the 
amphipathic helices of the C-terminal fragment open out on 
the surface of the lipid bilayer during the initial phase of 
membrane insertion. We are currently continuing this study 
with probes attached to the hydrophobic hairpin or to sites 
initially buried within the structure in solution. The major 
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PLATE 16 

Site-directed fluorescence spectroscopy as a tool to determine 
structural features of membrane-bound proteins: This drawing de-
picts the kind of information which can be obtained by this method. 

PLATE 17 

Site-directed fluorescence 
spectroscopy 

Fluorescent probes can provide data which reveal both 
the nature of their local environment 

and their separation from other chromophores 
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Structure of the photoactivable phospholipid probe synthesized by 
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segments of colicin A . 
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drawback of using hydrophobic photoactivatable probes in 
determining the transmembrane topology of a polypeptide 
chain is that they diffuse across the entire thickness of a 
bilayer and can label amphipathic helices lying parallel to the 
membrane plane. This drawback can be partially overcome 
by attaching the probes to a phospholipid. Nevertheless, 
due to the bilayer structure of a membrane, labelling occurs 
at more than one level within the membrane. The group 
of Y. Nakatani (Strasbourg) has synthesized a novel type 
of photoactivatable phospholipid with two headgroups and 
the reactive group at the centre of the lipid bilayer (Plate 
17). This compound can be readily inserted in lipid vesicles 
and the exact localisation of the reactive group will be 
determined by deuterium NMR. The colicin pore-forming 
fragment inserted within such vesicles was highly labelled. 
Preliminary partial proteolysis experiments on the labelled 
fragment indicate that, in the absence of membrane poten-
tial, only the hydrophobic hairpin was labelled. 

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

Aerolysin is a cytolytic toxin exported by the gram-negative 
bacterium Aeromonas hydrophila. There are two precursor 
forms of the toxin. It crosses the inner bacterial membrane 
as a preprotoxin containing a typical signal sequence, which 
is removed cotranslationally. The resulting protoxin is ex-
ported from bacteria and activated by proteolytic removal 
of about 25 amino-acids from the carboxy terminus. Like 
Staphylococcus aureus 0: toxin, the mature protein binds to 
eukaryotic cells and forms holes, leading to osmotic lysis. 
We have continued to characterize the channels formed by 
this toxin in planar bilayers, and in particular the effect of 
divalent cations such as zinc ions. A systematic study of 
histidine mutants showed that two of them located in the 
N-terminal third of the polypeptide play a key role in the 
oligomerisation preceding channel formation. All the results 
indicate that the toxin pore-forming domain is located near 
the N-terminus of the protein whereas the receptor binding 
domain is located towards the C-terminus. 

Recently two-dimensional crystalline membrane sheets con-
taining aerolysin have been obtained (see Leonard report). 
By improving the order of the crystal it is hoped to obtain a 
low resolution structure of the aerolysin channel. 

The determination of the structure of proaerolysin at 3 A 
resolution is well advanced (see Tsernoglou report). This 
structure combined with the low resolution structure ob-
tained by electron microscopy may provide a good start 
towards building a detailed model of the folding of aerolysin 
within the membrane. 

Porin OmpC 

In search of residues mutated at the level of the lumen 

of the channel, the influence of point mutations on OmpC 
porin channel properties was investigated. These mutations 
were shown by Misra & Benson to allow E.coli to grow on 
maltotriose in the absence of LamB. We found that these 
mutants produce OmpC porins with increased single chan-
nel conductance compared to the '-wild-type. Surprisingly 
all mutants showed similar voltage dependence to each 
other and to PhoE porin but different from wild-type OmpC. 
Careful analysis of wild-type OmpC from various sources 
confirmed this different behaviour. Thus six mutations at 
three sites appear to affect the voltage dependence of 
OmpC. 
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Structural basis of intracellular sorting 

Group leader: S. Fuller 

Scientist: J. Kenney 

Visitors: M. Adrian*, o. Bamford* 

Fellows: T. Ookland, A.-P. Huovila, H. Krafft-Czepao, P. Stewart*, C. Venien-Bryan 

Assistants: P. Buck, A. Cyrklaff, M. Cyrklaff 

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

Structural similarity between enveloped and 
non-enveloped viruses (T. Dokland & M. Cyrklaff, 
in collaboration with M. Nassal, 2MBH, 
Univ. Heidelberg & C.-H. von Bonsdorff, 
Dept. of Virology, Univ. of Helsinki) 

Previously we proposed that the nucleocapsid proteins of 
simple RNA and DNA enveloped viruses share the eight 
stranded ,B-barrel fold with the non-enveloped RNA viruses 
whose structures are known to high resolution (Fuller & 
Argos, 1987; Argos & Fuller, 1988). We have been testing 
this model by examining the effect of mutations on the 
assembly of the structure as visualized by cryo-electron 
microscopy and image reconstruction of capsids made in 
E.coli. To date all results support the folding model and 
indicate a role for the positively charged carboxy terminal 
tail of the hepatitis virus in the packaging of nucleic acid 
(von Bonsdorff et al. - in preparation). 

A second test of the hypothesis of enveloped/non-enveloped 
capsid similarity is provided by multiple sequence analysis of 
a larger number of viral capsid sequences than were treated 
in Argos & Fuller (1989). This analysis becomes particularly 
important since viruses such as polyoma and bacteriophage 
MS2 are now known to have capsid proteins which do not 
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possess the ,B-barrel fold. The multiple sequence analysis 
supports our hypothesis by showing a more significant se-
quence alignment with the picornavirus capsid proteins of 
the hepdnavirus and the alphavirus capsid proteins than of 
the non-,B-barrel fold capsids. The analysis also suggests 
that f1aviviruses may belong to the ,B-barrel fold group of 
capsids (Fuller & Dokland - in press). 

Alphaviruses (C. Venien) 

These viruses, which include Sindbis and Semliki For-
est virus., are positive stranded RNA viruses in which an 
icosahedral capsid made from a single protein species 
is enveloped by a membrane containing a single type of 
icosahedrally arranged spike protein complex. A previous 
reconstruction of Sindbis virus in vitrified water showed 
that the core displays T = 3 icosahedral symmetry while 
the spike proteins are arranged with T = 4 symmetry 
(Fuller, 1987). This complel11lentary arrangement of spike 
and capsid proteins led to the proposal of a hierarchical 
model of assembly in which lateral interactions between 
membrane proteins lead to a structure which is recognized 
by the preassembled capsid (Fuller, 1987). Hence some 
spikes should have strong, direct interactions with the capsid 
while others, those included through lateral interactions, 
should have significantly weaker interactions. A combined 
structural and biochemical approach has been used to ask 
whether the two geometrically non-equivalent classes of 
spikes seen in the reconstruction correspond to two classes 
of strength of interaction. Treatment of virus with low lev-
els of the non-ionic detergent, octyl-,B-D-glucopyranoside, 
removes approximately one fourth of the spikes. Three-
dimensional reconstructions of cryo-electron micrographs 
of these detergent-treated particles show that the easily 
extracted quarter of the spikes are those on the three-fold 
axis which are predicted to have the weaker interactions 
with the capsid. 



PLATE 18 

Surface representation of the three-dimensional reconstruction of 
adenovirus type 2 showing views down the three fold (A) and five 
fold axes (8) of the whole virion whose capsid diameter is 870 A 
along the three fold axis. C shows a detailed view of a single facet 

A 

c 

Adenovirus (P. Stewart, in collaboration with R. Burnett, 
Wistar Institute, Philadelphia) 

A three-dimensional reconstruction of the adenovirus 2 
virion has been performed from cryo-electron micrographs 
to a resolution of 35 A. The reconstruction shows the trimeric 
structure of the hexons which form the capsid (Plate 18) 
and allows the localization of the accessory proteins which 
combine with the hexon to form the virion. The analysis also 
validates the use of cryo-electron microscopy and icosahe-
dral image reconstruction since the features of the hexon 
seen in the reconstructed structure precisely match those 

revealing the positions of the accessary proteins which occur at the 
critical regions in the capsid structure. D shows a detail of the five 
fold and the relatively loose interaction between the penton and the 
hexons of the virus face. 

B 

D 

seen in a model of the hexon protein generated by high 
resolution x-ray crystallography. 

Phages P2 and P4 (T. Ookland) 

Cells infected by bacteriophage P2 assemble a 600 A di-
ameter icosahedral head whose major protein is gpN*. 
When P2 infected cells are superinfected with the related 
phage P4, they stop packaging the P2 genome and begin 
to assemble the gpN* protein to produce smaller (450 A) 
P4 particles. The basis of this parasitism is the ability of 
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PLATE 19 

Surface views of the first three-dimensional reconstruction of a 
centriole generated from a low dose tilt series of cryo-electron 
micrographs. The length of the structure is approximately 5000 A 

PLATE 20 

Double immunofluorescence showing the localization of assembled 
surface antigen particles (left) and the 72 kDa -KDEL receptor 
(right). This colocalization contrasts with the case of the protein 
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and the nine-fold barrel of triplet microtubules is approximately 
2500 A in diameter. Organized pericentriolar material is seen at the 
base. 

disulphide isomerase which is excluded from the surface antigen 
rich regions. 



P4 to modulate the assembly of the gpN* protein so that 
it forms the smaller P4 head and only packages the P4 
genome. We hope to understand this switch at the structural 
level. A three-dimensional icosahedral reconstruction has 
been performed from cryo-electron micrographs of P2 which 
shows the T = 7 symmetry for the capsid. A reconstruction is 
underway to examine the changes in capsid structure which 
lead to the formation of the P4 particle. 

Enveloped bacteriophage ¢-6 (J. Kenney) 

Bacteriophage ¢-6 is an enveloped bacteriophage with a 
well characterized genetics, assembly and entry pathway. 
We are trying to complement these detailed functional stud-
ies with structural studies. Mutations and chemical treat-
ments allow the isolation of the various stages in the assem-
bly beginning with a dodecahedral cage which acts as an 
RNA polymerase and terminates in the final enveloped and 
infectious virion. The structure of the cage has been deter-
mined and the radial location of the enveloped components 
has been established. Three-dimensional reconstructions of 
the more complex subviral assemblies are underway. 

Centriole structure (M. Cyrklaff &IJ. Kenney, in collabora-
tion with E. Karsenti) 

The centrosome has long been seen as a central, if enig-
matic, organelle in the cell. Its size and fragility place it 
beyond the classical methods of structural analysis. We 
are utilizing cryo-electron microscopy to study this organelle 
in an aqueous environment. A tilt series composed of low 
dose, cryo-electron micrographs has been used to produce 
the first three-dimensional reconstruction of a centriole in 
water (Plate 19). The reconstruction shows several features 
such as the orientation and organization of the microtubules 
which match that seen in conventional microscopy. The 
reconstruction also shows the overall three-dimensional or-
ganization of the structure for the first time and reveals 
an intricate and organized structure of the pericentriolar 
material at one end. A higher resolution reconstruction is 
underway. 

Hepatitis B surface antigen assembly (Ari-Pekka Huovila) 

The surface antigen protein of the hepatitis B virus as-
sembles to form 220 A diameter disks and tubes when ex-
pressed in eukaryotic cells. This assembly is restricted to a 
compartment which is usually identified as the endoplasmic 
reticulum (ER) and involves the formation of intermolecular 
disulphide bonds which stabilize the structure. The site and 
process of assembly have been studied by pulse chase 
analysis and immunocytochemistry with antibodies to the 
surface antigen and to soluble constituent proteins of the 
endoplasmic reticulum. This analysis supports a model in 
which assembly occurs in a compartment which excludes 
markers of ER such as protein disulphide isomerase (POI). 
This enzyme resolves intermolecular disulphide bonds, 
hence its exclusion may lead to the highly crosslinked struc-
ture observed in assembled and secreted surface antigen. 

Further work now identifies this assembly compartment with 
the compartment in which the 72 kOa KOEL receptor is 
localized (Plate 20 A,B) 

Receptor mediated retention of resident proteins of the 
endoplasmic reticulum (P. Buck, A. Cyrklaff, A.-P. Huovila 
& H. Krafft-Czepa in collaboration with the groups of J. Tooze 
& O. Vaux) 

A number of the soluble proteins of the ER carry the car-
boxy terminal sequence -Lys-Asp-Glu-Leu (KOEL) which has 
been shown to be necessary and sufficient for the reten-
tion of these proteins. Previously our group had developed 
and characterized a series of monoclonal and polyclonal 
antibodies to peptides (7-13 amino-acids in length) repre-
senting the carboxy terminal sequences of these proteins. 
Some of these recognize only the starting protein sequence 
and hence serve as good specific markers for the enzymes. 
Others recognize a broader range of -KOEL terminated pro-
teins and allow us to identify previously unknown constituent 
ER proteins. These broader specificity antibodies have also 
served as the starting point for an anti-idiotypic approach to 
the identification of a 72 kOa protein which is the putative 
receptor for this signal (Vaux et al., 1990). We have shown 
that the 72 kOa protein is a transmembrane glycoprotein 
localized to an intermediate compartment between the ER 
and the Golgi. The isolated protein binds specifically to 
-KOEL terminated peptides in vivo and has a physiologically 
reasonable affinity constant for the resident ER protein, POI. 
We are now generating antibodies against the non-ligand 
binding portion of the putative receptor and attempting to 
characterize its cellular localization by cell fractionation and 
an analysis of its post-translational modifications. 

A major focus of our subsequent work has been the demon-
stration that the 72 kOa protein interacts with resident ER 
proteins in vivo. One approach is the cloning and expression 
of the 72 kOa protein which is being vigorously pursued. 
Another approach is the demonstration that 72 kOa pro-
tein is regulated by the level of -KOEL ligands in vivo. 
A peptide bearing a glycosylation site and a -KOEL tail 
(NYTAVKOEL) was rendered hydrophobic by methyl ester-
ification of its acidic moities. Upon incubation with cells, 
this peptide crosses cell membranes and encounters the 
glycosyl-transferases and esterases in the ER. These en-
zymes render the peptide hydrophilic and hence cause it to 
be trapped and concentrated. This articifial increase in the 
concentration of -KOEL tails in the ER leads to secretion of 
normally resident ER proteins and to a marked upregulation 
of the 72 kOa putative receptor (Plate 21). This result indi-
cates that the 72 kOa protein interacts with -KOEL ligands 
in vivo. 

A very powerful approach to understanding the recognition 
which lies at the base of the retention mechanism is the 
examination of the structures of the anti-idiotype antibodies 
which served as mimicks of the ligand for the identification 
of the receptor. We have used PCR (Plate 22) to clone and 
sequence the complementarity determining regions of the 
two independantly derived anti-idiotypes (anti-anti-KOEL) as 
well as one of the first round (anti-KOEL) antibodies. The 
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PLATE 21 

The levels of the 72 kDa -KDEL binding protein and the ER resident 
proteins, immunoglobulin heavy chain binding protein (SiP) and 
protein disulphide isomerase (POI), after two hours of treatment 

with the esterified -KDEL peptide in DMSO or with DMSO alone is 
seen by quantitative immunoblotting. 

Effect of two hour incubation on protein levels 
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two anti-idiotypes do not have identical sequences in their 
combining regions so that we are now using expression and 
mutagenesis to identify the residues which contribute to the 
recognition. 

Publications during the year 

Fuller, S.D., Tooze, J. & Vaux, D. J. (1990). The 72 kDa 
-KDEL binding protein responds to the level of -KDEL tails 
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Vaux, D.J., Tooze, J. & Fuller, S.D. (1990). Identification 
by anti-idiotype antibodies of an intracellular membrane 
protein that recognizes a mammalian endoplasmic reticulum 
retention signal. Nature, 345, 495-502 

Cyrklaff, M., Adrian, M. & Dubochet, J. (1990). Evaporation 
during preparation of unsupported thin vitrified aqueous 
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layers for cryo-electron microscopy. Journal of Electron Mi-
croscopy Technique, 16, 351-355 
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PLATE 22 

The strategy used to clone the combining site regions of the anti-
idiotype immunoglobulins is based on using PCP to take advantage 

of very well conserved sequences found near these highly variable 
regions. 

Cloning of Variable Regions of Anti-idiotypic Antibodies by peR 
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Growth control by ion transport 

Group leader: R. Serrano 

Fellows: R. Gaxiola, U. Glaeser*, M.G. Palmgren*, A. Parets-Soler*, J.M. Villalba* 

Visitors: G. Debus*, M. Enjuto*, A. Ferrando*, J. Gamo*, E. Ibarz*, I.F. Larrinoa*, M. Marra*, M. Roldan*, J.M. Siverio* 

Assistant: C. Montesinoso 

Animal cells are surrounded by a relatively constant medium 
(blood and tissue fluids) while microorganisms and plant 
cells are subjected to environmental changes condition-
ing their growth. Two important factors directly related to 
membrane transport phenomena are pH and salinity. We 
are interested in the mechanisms involved in the control of 
growth by pH and salinity changes. 

In the case of animal cells, although the external pH is 
relatively constant, changes in intracellular pH seem to par-
ticipate in the regulation of cell growth by external signals. 
We have manipulated the intracellular pH of animal cells 
by expressing a yeast proton pump. The mechanism of the 
resulting stimulation of growth and tumorigenic transforma-
tion is under investigation. These experiments have opened 
novel approaches to the suspected interplay between bio-
physical phenomena (ion concentrations) and biochemical 
cascades (protein kinases, transcription factors) in the reg-
ulatory networks that control cell growth (Perona & Serrano, 
1988; Serrano & Perona, 1989; Perona et al., 1990; Gillies 
et al., 1990). 

The adaptation of plants to pH and salinity stresses is of vital 
importance in agriculture. We are utilizing the yeast Saccha-
romyces cerevisiae and the plant Arabidopsis thaliana as 
model systems to investigate the molecular basis of these 
phenomena. A mutational analysis of the yeast plasma 
membrane W -ATPase has suggested the location of active 
sites and functional domains of the enzyme (Serrano & 
Portillo, 1990) and it has also demonstrated that the activity 
of the proton pump is strictly rate limiting for growth. Both 
intracellular pH homeostasis and active nutrient transport 
seem to be involved in this control mechanism (Portillo 
& Serrano, 1990). Three W -ATPase genes have been 
isolated from Arabidopsis (Pardo & Serrano, 1989a, b). 
Transgenic plants with alterations in proton pumping may 
clarify the multiple regulatory roles of the W -ATPase in 
plant physiology (Serrano, 1990; Serrano et al., 1990). 
Essential information for this molecular analysis has been 
provided by the first immunocytolocalization of the AT-
Pase in phloem and root epidermis (Parets-Soler et al., 
1990). 
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We have previously identified a regulatory domain at the 
carboxyl-terminus of yeast ATPase (Portillo et al., 1989). 
Proteolysis of plant ATPase has confirmed the existence of 
this domain in the plant enzyme (Palmgren et al., 1990). 
This domain may be involved in the modulation of ATPase 
activity in tobacco calli (Altabella et al., 1990) and it may 
explain the lack of activity of the yeast ATPase expressed 
in Escherichia coli (Eraso & Serrano, 1990). 

Two genes involved in salt tolerance (halotolerance) in yeast 
have been isolated. Over-expression of HAL 1 and mutation 
of HAL2 increase salt tolerance (Gaxiola et al., 1990). The 
mechanism of halotolerance and the molecular basis for 
adaptation to salinity can now be investigated for the first 
time in an eukaryote. 

The progress made during the last year in these different 
areas is briefly described below. 

Immunological and genetic approaches to the 
transmembrane topology, conformational 
changes and essential residues of the 
carboxyl-terminal regUlatory domain of 
yeast and plant plasma membrane H+ -ATPases 
(in collaboration with C. Larsson, K. Leonard, 
B.C. Monk, F. Portillo & E. Weiler) 

The regulatory role postulated for the carboxyl-terminal 
domain of yeast ATPase (Portillo et al., 1989) implies a 
cytoplasmic location. However, previous studies based on 
the need of detergents for carboxypeptidase digestion in 
inside-out vesicles suggested an external location (Davis 
& Hammes, 1989). The carboxyl-terminal domain was ex-
pressed as a fusion protein in Escherichia coli and utilized to 
produce specific polyclonal antibodies. A yeast strain with a 
deletion of the epitope provided the ideal negative control to 
discard non-specific binding of the antibody. As indicated in 
Plate 23, immunogold electron microscopy indicates a cyto-
plasmic location. The accesibility of the carboxyl-terminus to 
the antibody is limited in native ATPase. Detergents increase 
such interaction and this provides an alternative explanation 
for the results of Davis & Hammes (1989). 



PLATE 23 

Immunogold electron microscopy of ultra-thin cryosections of yeast 
cells. Protein A-colloidal gold particles detect the presence of 

affinity-purified carboxyl-terminal antibody bound to the cytoplasmic 
side of the plasma membrane. Bars correspond to 0.2 jtm. 
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Table 2 

Mutation Activity (units/mg) 

Starved cells Fermenting cells 

None (wild type) 0.1 1.2 

Ser911-+Ala 0.1 1.2 

Thr912-+Ala 0.1 0.4 

Thr918-+ Ala 0.1 1.2 

Ser911-+Ala, Thr912-+Ala 0.1 0.1 

Gln908-+Glu 0.1 1.3 

Arg909-+lIe 0.1 0.5 

Arg909-+Glu 0.1 0.5 

Ala547-+Val 0.6 0.8 

Ala547-+Val, Ser911-+Ala and 
Thr912-+Ala 0.6 0.8 

Site-directed mutagenesis of the regulatory domain of yeast plasma 
membrane H+ -ATPase. The sequence of the carboxyl-terminus 
is: .......... QRVSTQHEKET 918. The activity of each mutant 
enzyme is measured after extracting the plasma membranes from 
either starved cells or glucose-fermenting cells. 

Table 2 indicates the effect of different point mutations 
on the regulation of the yeast ATPase. Both Arg909 and 
Thr912 (at the carboxyl-terminus) are required for activation, 
suggesting the involvement of a protein kinase. Mutation of 
Val547 (at the active site) makes the enzyme independent of 
regulation by the carboxyl-terminus. This illustrates the iden-
tification of inter-domain interactions in a complex enzyme 
by genetic approaches. The possibility of phosphorylation 
changes at Thr912 is currently under investigation. 

Protease treatment of plant ATPase activates the enzyme 
(Palmgren et al., 1990). We have expressed in Escherichia 
coli the N-terminus, C-terminus and central domains of Ara-
bidopsis ATPase and made specific antibodies against these 
domains. It seems clear that protease activation correlates 
with removal of the carboxyl-terminus. 

The Arabidopsis ATPase can be expressed in yeast (Plate 
24). The enzyme is active but fails to localize into the plasma 
membrane. With gene fusions between the yeast and plant 
ATPases we are attempting to define the requirements for 
correct targetting in yeast. 

Regulation of plant plasma membrane W -ATPase 
at the protein and gene levels (in collaboration 
with J.P. Donaire, A. Hager & M.T. Pinol) 

Plant seedlings offer the opportunity of studying the regula-
tion of plasma membrane H+ -ATPase in a system in devel-
opment. Plate 25 shows the coordinate increase in mRNA, 
protein and activity during root development. This reflects 
the differentiation of ATPase-poor meristematic tissues into 
ATPase-rich epidermis and central cylinder (Parets-Soler et 
al., 1990). Acidification or salt stress increase neither the 
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PLATE 24 

Expression of Arabidopsis plasma membrane W -ATPase in 
yeast. Distribution of protein (0) and ATPase activity (e) after density 
gradient fractionation of membranes from control cells (A) and 
Arabidopsis ATPase expressing cells (8). The top of the gradient 
is fraction 1 and the plasma membrane fraction correspond to 
fractions 11-18, with a peak at fractions 12-14. 

At the lower part, a Western blot corresponding to the 18 fractions 
of gradient 8 is shown. It was immunodecorated first with a mon-
oclonal antibody against the plant ATPase (lower band) and after-
wards with a monoclonal antibody against the yeast ATPase (upper 
band). The two ATPases migrate with slightly different mobility in 
6% acrylamide gels. 
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PLATE 25 

Developmental changes of root plasma membrane H+ -ATPase dur-
ing the first 6 days of growth of sunflower seedlings. Quantification 
of the amount of antigenic protein (0), enzyme activity (0) and 
hybridizing mRNA (6) is indicated. 

PLATE 26 

Immunocytolocalization of plasma membrane H+ -ATPase in corn 
coleoptiles. Paraffin sections were probed with specific rnonoclonal 
antibody against the ATPase and decorated with second antibody 
coupled to alkaline phosphatase. Staining of vascular bundles and 
stomata is clearly visible. 
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PLATE 27 

Functional mapping of the HAL2 by complementation of the salt 
tolerant phenotype. Yeast cells were transformed with plasm ids 
containing different fragments of the original clone and tested for 

80 

HIND III PST I 
BGLII 

I 

a 

DNA-fragment 
transformed into 
yeast 

1 

BAMHI 
CLAI ECORI 

I I 

2 
KILOBASES 

OM NaCI 

positive control (F 5) 

Bgi II - Bgi II 

Bam H I - Bam H-I 

Cia I - Sal I 

Eco R I - Sal I 

Plasmid (YCP 50) 
without insert 

growth in 1.5 M NaC!. The gene seems located in a Bam HI-Bgi II 
fragment of 1.7 kb. 

BGLII BAM HI SAL I 

I I 

3 4 

Growth on: 
1.5 M NaCI 



amount nor the activity of the ATPase, suggesting that the 
enzyme does not participate in the homeostatic response of 
the plants to these environmental conditions. 

Regulation in a different system, the tobacco callus, has 
shown an effect of growth phase and auxin concentration on 
the activity (and not on the amount) of the ATPase (Altabella 
et al., 1990). Apparently, different regulatory mechanisms 
are involved in the modulation of this crucial enzyme under 
different circumstances. 

The immunocytolocalization of the ATPase in corn coleoptile 
and young leaves, a classical tissue for growth studies in 
plants, is shown in Plate 26. The vascular bundles and 
the stomata guard cells contain most of the enzyme. The 
epidermal cells in front of the coleoptile vascular bun-
dles are also enriched in ATPase. The group of A Hager 
(TObingen University), utilizing the affinity-purified antibodies 
developed by us, has recently demonstrated that auxin 
induces the synthesis of a fast-turnover pool of ATPase 
that may be involved in acid secretion and concomitant 
elongation growth (supporting the so called "acid growth 
theory", see Serrano, 1989). It would be interesting to de-
termine whether this auxin-sensitive ATPase corresponds 
to a special isoform of the enzyme (Pardo & Serrano, 
1989a,b). 

To perturb the regulation of plant proton transport, we 
have generated transgenic plants expressing a deregulated 
form (a deletion of the carboxyl-terminus) of yeast plasma 
membrane W -ATPase. Preliminary results indicate that the 
development of such plants is perturbed, but more defini-
tive conclusions can only be reached after analysis of the 
progeny of these plants. 

Genes involved in the adaptation of yeast 
to salinity stress (HAL genes) 

A new gene, HAL2, has been isolated that by mutation 
increase the salt tolerance of yeast (Plate 27). The se-
quence of a previously isolated gene, HAL 1, that by over-
expression increases salt tolerance, has been completed. 
It encodes a soluble protein unrelated to any sequence in 
the data banks. The expression of this gene is induced 
by osmotic express, as demonstrated by Northern analysis 
and by fusions of its promoter with a reporter gene (Plate 
28). 
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PLATE 28 

Salt induction of ,B-galactosidase activity in yeast containing a 
fusion of the promoter of the HAL 1 gene and the coding sequence 
of the LacZ. gene. At time cera, either NaCI (1 M), KCI (1 M) or 
sorbitol (1.6 M) were added and the increase in ,B-galactosidase 
activity of permeabilized cells determined at different times. 
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Electron microscopy and computer image analysis 

Group leader: K. Leonard 

Scientist: B. Bullard 

Fellows: S. Labeit, R. Ward 

Visitors: T. Arad*, G. Hofhaus*, D. Labeit*, M.C. Reedy*, H. Smith*, H. Weiss* 

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

The work in our group can be divided into three main areas. 

The study of large membrane protein complexes as 
two-dimensional crystals in lipid bilayers. 
The study of soluble proteins and filamentous proteins 
adsorbed to lipid monolayers. 
The study of proteins specific to striated muscle. 

Our main technique is electron microscopy, used together 
with computer image analysis to obtain structural informa-
tion from electron micrographs of these specimens. Lo-
calisation of proteins in crystalline specimens and in thin 
sections is being pursued by immuno-electron microscopy 
using IgG-gold or Fab-gold probes. DNA sequencing is 
also being carried out for certain muscle proteins. We have 
collaborative projects with other groups within EMBL and 
with other European laboratories (see below). 

Membrane proteins 

Structure of mitochondrial complex I 
(with H. Weiss & G. Hofhaus, University Dusseldorf) 

Two related forms of the respiratory chain NADH dehy-
drogenase (NADH: ubiquinone reductase or Complex I) 
are synthesized in the mitochondria of Neurospora crassa. 
Normally growing cells make a large form of the enzyme 
that consists of 25 nuclear and 6-7 mitochondrially encoded 
subunits. Cells grown in the presence of chloramphenicol, 
however, make a smaller form comprising only 13 nuclear 
encoded subunits. When the large enzyme is dissected by 
chaotropic agents (such as NaBr), all those subunits of the 

large form that are missing in the small form can be isolated 
as a distinct, so-called hydrophobic fragment. The small 
enzyme and the hydrophobic fragment reflect, with regard 
to their redox groups, subunit composition and function, two 
complementary parts of the large NADH dehydrogenase. 
We have been studying the topology of the whole Complex I 
and its subfragments by electron microscopy of both single 
particles and two-dimensional membrane crystals. 

Averaging of single particles of the large enzyme reveals 
an unusual L-shaped structure with two domains or "arms" 
arranged at right angles. A hydrophobic fragment obtained 
by NaBr treatment corresponds in size and appearance to 
one of these arms (Plate 29). 

A three-dimensional reconstruction from negatively stained 
membrane crystals of the large NADH dehydrogenase 
shows a large peripheral domain, protruding from the mem-
brane, with weak unresolved density within the membrane. 
This peripheral domain could be removed by washing the 
crystals with 2M NaBr after which a membrane buried arm 
was clearly visible. A three-dimensional reconstruction of 
the small enzyme from cells grown in the presence of 
chloramphenicol shows only a peripheral domain. 

These results suggest that the membrane protruding arm of 
the large form corresponds to the small enzyme, whereas 
the arm lying within the membrane can be identified as the 
hydrophobic fragment. The two parts of the NADH dehydro-
genase which can be defined by the separate genetic origin 
of (most of) their subunits, their independent assembly, and 
their distinct contributions to the electron pathway can thus 
be assigned to the two arms of the L-shaped Complex I 
(Plate 30). 
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PLATE 29 

Single particle analysis of detergent solubilised molecules of mito-
chondrial Complex I. 
(a) Images of individual particles (negatively stained with 1% 

UAc) 
(b) Correlation average (using SPIDER processing package) of 
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many images of the whole complex. 
(c) Correlation average of images of NaBr treated Complex I 
(d) Superposition of (c) on (b). 

For a more detailed description, see text. 



PLATE 30 

(a) Montage of two separate three-dimensional reconstructions 
from membrane crystals of the chloramphenicol sub-complex 
(upper part) and NaBr-washed crystals of whole Complex 
I (lower part). The hydrophobic NaBr resistant domain lies 

i-lltochondrlal Matrix 

I ntermembrane Soace + 
2H 

within the confines of the membrane as indicated by the 
lines. 

(b) A schematic diagram of the topology and function of the two 
distinct domains found in Complex I. 
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PLATE 31 

Noise filtered, averaged image of a 2-dimensional crystal of the 
aerolysin channel complex (negatively stained). 

PLATE 32 

Sequence comparison plots showing an 11 domain repeat for titin 
and a 7 domain repeat for nebulin. 
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Structure of aerolysin channel complex 
(with U. Wilmsen & F. Pattus, EMBL) 

Small two-dimensional membrane crystals of the aerolysin 
membrane channel complex have been obtained. A pre-
liminary analysis of electron micrographs (Plate 31) shows 
a "wheel-like" structure in projection with a strongly stain-
excluding central ring which may be the channel. When 
higher resolution, three-dimensional data is available from 
electron micrographs, we hope to be able to relate this 
structure to the structure for pro-aerolysin obtained by x-
ray crystallography (see also reports of Franc Pattus and 
Demetrius Tsernoglou). 

Proteins on lipid monolayers 

In collaboration with the group of Franc Pattus we have 
been investigating methods for adsorbing proteins to surface 
monolayers of lipid to form two-dimensional crystals suitable 
for study by electron microscopy. To monitor directly crystal 
formation and to improve crystal quality, we have con-
structed a video-enhanced fluorescence microscope with a 
miniature Langmuir trough and surface pressure balance. 
This is being used to follow changes in fluorescent lipid or 
protein during interaction of the protein with the monolayer 
and during changes in surface pressure. 

This method (with R. Newman, ICRF, London) has been 
used to obtain two-dimensional crystals of annexins (p32 
and p68) and muscle thin filaments (with J.-F. Menetret, 
Heidelberg). In collaboration with S. Bakdhi (Maim:) we 
have obtained for a-toxin, a bacterial toxin which forms 
membrane channels, well ordered two-dimensional crystals 
at lipid monolayer surfaces. Two different crystal packings 
were found which are related to a change in the molecular 
shape of the channel complex. 

Structure of muscle proteins 

In collaboration with J. Trinick (Bristol) we have isolated 
rabbit cDNAs for titin, the largest known vertebrate protein 
(Mr 3,000) and have determined so far about 25% of the 
total sequence. Single titin molecules span half the sar-
comere repeat in vertebrate muscle and are thus about 1 
micrometer in length. Titin is thought to playa role in main-
taining the sarcomere structure during muscle contraction 
and may be involved in the precise length determination 
of thick filaments during muscle development. The cloned 
cDNAs show ordered patterns of type I and type II 100 AA 
domains with an 11 domain super-repeat arranged in the 
pattern: -11-1-1-11-1-1-1-11-1-1-1- (Plate 32(a)). This is consistent 
with the structure of titin as an extended molecule made 
up of a string of 4 nm "beads" as seen in the electron mi-
croscope. The titin domains also show sequence homology 
to the fibronectin and immunoglobulin-like domains found 
in N-CAM. Detailed study of these motifs should help us to 
understand the function of titin in vertebrate striated muscle. 

In collaboration with M. Zeviani (Milano), we have recently 
partially sequenced nebulin, a high molecular weight protein 
in vertebrate muscle associated with actin filaments. This 
sequence shows a repeating pattern of 35 AA domains with 

a 7 domain super-repeat (Plate 32(b)) which is probably 
related to the repeat of tropomyosin which spans 7 actin 
monomers in muscle thin filaments. We are also studying 
new high molecular weight proteins in insect flight muscle. 
One of these (M r 800) has been partially sequenced and is 
analogous to nematode twitchin which has titin-like repeat-
ing motifs. The position of these proteins in the sarcomere 
has been determined by immuno-fluorescence microscopy 
and immuno-electron microscopy. 

The DNA sequence analysis for these very long molecules 
is being carried out by RACE (PCR chain extension) tech-
niques and we have therefore constructed two computer 
controlled robotic systems for carrying out more efficiently 
the PCR reaction under variable conditions. 

Two low molecular weight hydrophobic proteins from insect 
flight muscle (35 kDa and 23 kDa zeelins) are also being 
studied. The 35 kDa zeelin has been partially sequenced 
and shown by immuno-electron microscopy to be associated 
with the muscle thick filaments. The 23 kDa zeelin has been 
shown to be present both in the Z-disc and associated with 
the thick filaments (Plate 33). 

It is likely that large proteins such as titin and nebulin are 
involved in establishing the precise assembly of contrac-
tile proteins into the complex structure of muscle in vivo. 
The cloning, expression and study of their protein/protein 
interactions should greatly improve our understanding of the 
development of muscle structure at the molecular level. 
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PLATE 33 

Lowicryl-embedded thin section of insect flight muscle labelled with 
antibody to 23 kDa zeelin. The gold markers have been identified 
automatically by a computer search program and a histogram drawn 
at the same scale to show the distribution of label across the 
sarcomere. 

88 



Three-dimensional structure of light-harvesting complex from chloroplast membranes by electron 
crystallography 

Group leader: W. KOhlbrandt 

Fellows: S. Nussberger, D.N. Wang 

Visitor: I. Tews 

Assistant: K. Dorr 

We have determined the three-dimensional structure of the 
light-harvesting chlorophyll alb-protein complex (LHC-II) at 
6 A resolution by electron crystallography, combining elec-
tron diffraction, high-resolution imaging and image process-
ing of two-dimensional crystals. 

LHC-II is a key component of the photosynthetic membranes 
of all green plants. It is one of the most abundant membrane 
proteins, binding at least 50% of chlorophyll on earth. The 
primary function of the complex is to collect solar energy 
which is passed on to the photosynthetic reaction centres 
in the same membrane. The LHC-II polypeptide has a 
molecular mass of 25,000 Da and binds 15 molecules of 
chlorophyll, several carotenoids, and lipids. The complex is 
isolated as a trimer which is stable in detergent solution 
(Butler & KOhlbrandt, 1988). 

Large two-dimensional crystals, measuring up to 10 JLm 
in diameter, have been grown from detergent-solubilized 
LHC-II. Specimens prepared in the presence of tannin 
diffracted electrons to 2.9 A resolution. We also collected 
diffraction data from specimens prepared with glucose and 
in vitrified buffer. Difference maps of the projected structure 
of two-dimensional crystals preserved in these three media 
indicated that the structure of the complex was equally 
well preserved by all of them to 3.4 A resolution. However, 
the success rate for recording high-resolution diffraction 
patterns with tannin was about 90% and thus 10 to 20 
times higher than with vitrified buffer or glucose. Tannin was 
therefore chosen as a medium for routine data collection. 

Images of two-dimensional crystals cooled with liquid ni-
trogen were recorded at -113°C with the high-resolution 
cryo-electron microscope at the Lawrence Berkeley Labora-
tory, Berkeley, California (KOhlbrandt and Downing, 1989). 

Phases of structure factors were determined by image pro-
cessing, using programs written by R. Henderson & J.M. 
Baldwin, MRC Laboratory of Molecular Biology, Cambridge, 
yielding a 3.4 A projection map. 

Some images of untilted crystals cooled with liquid helium 
were taken at temperatures between 4 and 20 K together 
with Y. Fujiyoshi at PERI, Osaka, Japan. These images 
yielded excellent phases for strong reflections between 5 A 
and 4 A resolution and for some reflections between 3.4 A 
and 3 A resolution (Plate 34), indicating that liquid-helium 
cooling may be preferable. Phases from these images have 
not yet been incorporated into the three-dimensional data 
set (see below). 

By atomic force microscopy we found that carbon support 
films yielding the best electron diffraction patterns of tilted 
two-dimensional crystals were almost atomically flat (Plate 
35). A simple way of making such carbon films was devised. 
With these support films it was possible to collect a three-
dimensional set of diffraction data from two-dimensional 
crystals cooled to -125° C at 60° tilt. The merged data set 
comprised 375 lattice lines to 3.2 A resolution, showing 
the variation of structure factor amplitudes in reciprocal 
space. Three representative lattice lines are shown in Plate 
36. 

20 out of about 1000 images of two-dimensional crystals 
tilted up to 57.2° were processed and provided phases of 
structure factors in three-dimensions to 6 A and a three-
dimensional map at this resolution was generated. As more 
images of tilted two-dimensional crystals are recorded and 
processed, it will be possible to determine the structure of 
the complex at higher resolution. 
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PLATE 34 

Reflections above background to 3 A resolution with phases deter-
mined directly by Fourier transformation of a high-resolution image 
of an untilted two-dimensional crystal of LHC-II. The image was 
recorded with the liquid-helium-cooled high-resolution cryo-electron 
microscope at PERI, Osaka, Japan. The size of squares at lattice 
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Atomic force microscopy showing the surface relief of two carbon 
support films. Images were recorded by H.J. Butt at the Department 
of Physics, University of California, Santa Barbara. (a) Standard 
film prepared by single evaporation. (b) Laminated film prepared 
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by multiple evaporation of carbon rod. Both films are about 100 A 
thick. Only very smooth films shown in (b) yielded uniformly sharp 
electron diffraction patterns of two-dimensional crystals of LHC-II 
tilted by more than 45 0 • 



(a) 

Lattice Line (5, 24, z*) 2000 
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(b) 

Lattice Line (9, 14, z*) 2000 
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(e) 

Lattice Line (7, 7, z*) 2000 

-0.3 -0.2 0.0 

PLATE 36 

Variation of diffracted intensity along 3 out of 375 lattice lines to 
3.2 A resolution as a function of the reciprocal space coordinate. 
z*. Error bars represent the difference between measured Friedel 
pairs of reflections from electron diffraction patterns of tilted two-
dimensional crystals of LHC-II. 
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PLATE 37 

Side view of the three-dimensional map of an LHC-II monomer at 
6 A resolution. Three a-helices, labelled A, Band C, are spanning 
the membrane. The long helices A and B are inclined by roughly 30° 
towards and away from the viewer, respectively. Their upper halves 
appear to be related by non-crystallographic two-fold symmetry. The 
third helix, C, runs more or less parallel to the membrane normal. Its 

The map of the monomer (Plate 37) shows that the LHC-II 
polypeptide spans the membrane with three a-helices, two 
of which are inclined by about 30° with respect to the 
membrane normal. The map also shows the positions of 
the porphyrin head groups of the 15 chlorophylls in the 
monomeric complex. At least four of the chlorophylls and 
the upper halves of the two inclined helices are related by 
an apparent, non-crystallographic diad. This local, two-fold 
symmetry probably reflects an internal homology of the 
polypeptide sequence (Hoffman et al., 1987; KOhlbrandt & 
Downing, 1989) which has enabled us to propose a prelim-
inary topography of the polypeptide in the membrane. The 
average nearest-neighbour distance of 9 A to 14 A between 
chlorophylls suggests delocalised exciton coupling of light-
harvesting pigments within the monomer in 10-13 to 1O-14S. 
Energy transfer between chlorophylls in adjacent molecules 
probably proceeds by the less rapid Forster mechanism. 

Publications during the year 

KOhlbrandt, W. (1990). Structure of the light-harvesting 
chlorophyll alb-protein complex by high-resolution electron 
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length of 30 A probably delineates the hydrophobic core of the lipid 
bilayer. Regions of density representing chlorophyll head groups 
(dark grey) are labelled 1 to 15. Chlorophylls 6 and 12 are hidden by 
helix B. The chlorophylls are arranged on two levels, corresponding 
roughly to the upper and lower leaflet of the bilayer. 
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Protein crystallography, cryo-electron microscopy of Reoviridae 

Group leader: P. Metcalf 

Fellows: R. Ami, E. Schlagenhauf* 

Visitors: M. Adrian*, F. Bieber*, W. Dettmer*, M. Fusek*, B. Kolmerer, A. LjOngstr6m*, L. Marknell*, S. Thullner* 

Assistants: V. Brachvogel**, C. Rice* 

We are interested in the detailed three-dimensional structure 
and function of proteins and viruses and use x-ray crystal-
lography and electron microscopy as our principal tools to 
reveal macromolecular structure. 

In 1990 the work with human reovirus was finished, and 
its structure was shown to be suprisingly similar to that 
of the plant virus maize rough dwarf virus (MRDV). We 
produced the 1.8 A resolution structure of three indepen-
dent native ribonuclease T1 molecules in the asymmet-
ric unit of a single crystal, obtaining further detailed in-
formation on this very well characterized protein. Most 
of our time was spent purifying proteins and carrying 
out crystallization trials to produce crystals for structural 
work. Milligram quantities of the DNA binding domain of 
the proto-oncogene product and transcriptional activator 
c-Ets were purified in work carried out in conjunction with 
F. Lim (see the report of T. Graf). Crystals were obtained 
for human, bovine and porcine cathepsin D, human (3-2-
glycoprotein 1, yeast glucose-6-phosphate dehydrogenase 
and the outer membrane protease PSP from Leishmania. 
However, only the cathepsin D crystals diffract sufficiently 
well for high resolution work and even these have proved 
difficult to work with. The projects are described briefly 
below. 

Reoviridae 

Most people carry antibodies to reovirus indicating the 
virus is widespread but no symptoms have been associ-
ated with infection. The outside shell of the virus, shown 
in Plate 38a at 30 A resolution, has T =13,1 triangulated 
icosahedral symmetry and contains 120 5nm diameter 
holes, contrary to the usual notion of a virus shell being 
a protective shield. The genome consists of 10 dsRNA 
molecules, and is contained within an internal core par-
ticle. Purified cores are capable of in vitro simultaneous 
transcription of the dsRNA molecules producing capped 
functional mRNA. Plate 38c shows a reconstruction of a 
core and Plate 38d shows the core within the virus recon-
struction. 

Plate 38b shows the outside of the dsRNA plant virus, maize 
rough dwarf virus. It is clear that this virus also has T =13 
symmetry and that the arrangement of proteins is similar to 
that of human reovirus, although there are no holes and the 
pentamer positions have a different shape. 

The images were produced from cryo-electron micrographs 
made by Marek Cyrklaff (Fuller group) and Marc Adrian. 
The reconstructions were made using methods first applied 
to cryo-electron micrographs by Steve Fuller and further 
developed during the past year. Reovirus was provided by 
R. Bellamy (Auckland, N.Z.) and W. Joklik (South Carolina) 
and MRDV by Caciaghi and Appiano, Turin. 

Ribonuclease T1 

Ribonuclease T1 is a 104 amino-acid guanine specific en-
doribonuclease secreted by the fungus Aspergillus oryzae. 
The enzyme is one of the best characterized proteins, being 
the subject of many biophysical studies including detailed 
folding and kinetics work (reviewed in Pace, 1990). High 
resolution structures of RNaseT1 complexed with mono-
and di-nucleotides and vanadate have been published but 
until now a native structure has been unavailable. 

RNaseT1 was obtained from our collaborators, crystals of 
the native protein were grown following published proce-
dures and 1.8 A data were collected using the Xentronics 
area detector. The molecular replacement solution indicated 
three molecules in the asymmetric unit and refinement was 
completed with a final R-factor of 15%. A detailed compar-
ison of the three molecules has not yet been finished but 
an initial comparison of the positions of the residues known 
from the nucleotide complex structures to be involved in 
guanine base binding revealed some interesting details. In 
two of the molecules the two tyrosines that sandwich the 
base in the complex structures are well defined, but in the 
third molecule one of these tyrosines is missing from the 
map and probably disordered. In addition other residues 
involved in base recognition have varying positions in the 
three molecules. These results are illustrated in Plate 39. 
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PLATE 38 

Icosahedral reconstructions of reoviridae 
(A) Human reovirus viewed down a 2-fold axis. Holes at local 

6-fold axes and a 5-fold axis crater are labelled. The diameter 
of the particle is 84 nm. 

(8) Maize rough dwarf virus with the same orientation. The ge-
ometry of the particle is similar to that of reovirus. The labels 
correspond to those in (A). 
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(C) Reovirus core particle with the same orientation. The labelled 
5-fold hollow spike is directly underneath the flat part of the 
virus outer shell. 

(0) Internal detail of reovirus. The internal core shell and the 
hollow core spike (labelled "5") are visible. The uninterpretable 
density within the core results from the non-icosahedrally 
organized RNA. 



PLATE 39 

Comparison of two key tyrosines in the guanine binding region 
of RNase T1. 
(A) Guanine-free structures: Superimposed tyrosines from the 

native RNase T1 structure. In one molecule Y45 is absent 
but in the other two molecules Y 45 is near to the position 

A) Guanine free structures 

".< 

Y42 Y45 

Cathepsin D 

We aim to solve the structure of the lysosomal protease 
cathepsin D and to compare it in detail with the known 
structures of the other very similar but secreted aspartic 
proteases, renin and pepsinogen. We expect to be able to 
recognize the lysosomal sorting signal on cathepsin D which 
should also be present on other lysosomal proteins but not 
on renin or pepsinogen. 

Lysosomal proteins contain an uncharacterized recognition 
site for the phosphotransferase which results in protein car-
bohydrate groups being labelled with mannose-6-phosphate 
and the labelled proteins being consequently transported to 
Iysosomes by mannose-6-phosphate receptors in a com-
paratively well understood intracellular sorting pathway. We 
hope to be able to identify the recognition site (i.e the sorting 
signal) by comparing the structure of cathepsin D with very 
similar non-lysosomal proteins. The work complements ex-
pression studies on cathepsin D/pepsinogen hybrids (Baran-
ski et a/., 1990) and is carried out in conjunction with the 
Hoflack group. 

We crystallized bovine cathepsin D at the end of 1989 and 
obtained small but useful crystals diffracting to 3.2 A. During 
the year we purified large amounts of bovine and porcine 
cathepsin D and developed methods to purify single iso-
forms of these proteins in attempts to produce better quality 
crystals. Larger crystals were obtained and we collected 
preliminary data using the image plate detector at the EMBL 
Outstation in Hamburg and the Xentronics area detector. 
The crystals are usually small and difficult to stabilize and we 

it adopts when binding guanine as shown in (8). The dotted 
lines show the position of the same residues in the previously 
solved vanadate complex. 

(8) Guanine-bound structures: The same tyrosines in two previ-
ously solved complexes. The guanine base is not shown. 

8) Guanine bound structures 

Y42 Y45 

would like improved diffraction to make possible a detailed 
structure comparison with renin and pepsinogen. As part 
of this effort we carried out crystal trials of cathepsin D 
complexed with inhibitors and in addition produced crystals 
of human cathepsin D using protein provided by M. Fusek 
& M. Baudys, Prague. 

Serum tandem repeat proteins 

Many proteins contain multiple tandem repeat domains, 
for example proteins of the immunoglobulin superfamily 
contain repeated IgG domains. We have crystals diffracting 
to 3.9 A of two human serum proteins containing repeats of 
a 60 amino-acid short consensus repeat (SCR) domain, the 
NMR structure of which is known and which, like the 110 
amino-acid IgG domain, consists of a compact bundle of 
,B-strands linked by disulphide bonds. We intend to discover 
how these domains pack in two human serum proteins, the 
complement protein C1 rand ,B-2-glycoprotein 1. 

The complement protein C1 r is part of the C1 input complex 
of the classical complement pathway and the 50 kDa "cat-
alytic domain" of it that we crystallized contains two SCR 
repeats and a serine protease domain which is activated 
during complement activation. This work was discussed 
in the previous report and still remains limited by lack of 
protein. We do however have crystals and large quantities 
of another human serum protein, ,B-2-glycoprotein 1, com-
prising five tandem SCR repeats and intend to use these 
crystals to produce a low resolution map in which we hope 
to observe the packing of the SCR domains. 
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Leishmania promastigote surface protease (PSP) 

This 63 kOa protease is the major surface protein of the pro-
mastigote form of the trypanosome Leishmania. The protein 
is attached by a GPI-anchor (i.e. via glycosyl phosphatidyl 
inositol) to the membrane of promastigotes (an insect stage 
of the parasite's lifecycle). CO spectroscopy indicates the 
protein contains mostly ,a-sheet secondary structure, unlike 
the predominantly a-helical Trypanosoma brucei surface 
proteins. PSP contains zinc and shows homology of active 
site residues with zinc proteases. We obtained small crystals 
of this unique protein using material prepared from cultured 
Leishmania major promastigotes by B. Etges in Lausanne. 

References 
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Structural studies of proteins and protein-ligand complexes 

Group leader: R.K. Wierenga 

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

Visitors: RA Abagyan*, H.P. Deigner*, S.E. Nauche* 

Assistant: J.Ph. Zeelen 

Studying the architecture and flexibility of proteins and 
protein-ligand complexes, using crystallographic methods, 
is our continuous research theme. Through a close col-
laboration with groups of complementary expertise we try 
to contribute to an improved insight into the relationship 
between protein-structure and protein-function. Most of our 
efforts have been focused on the study of trypanosomal 
triosephosphate isomerase. However, the crystal structure 
determination of another enzyme, yeast thiolase, has been 
initiated. 

Triosephosphate isomerase (TIM) 

Crystal structures of three different TIMs are known: chicken 
TIM, yeast TIM and trypanosomal TIM. Our studies, con-
cerning trypanosomal TIM, have now resulted in a com-
pletely refined structure (1.83 A resolution, 38819 reflec-
tions, R = 18.3%) of this enzyme as well as of several 
enzyme ligand complexes (with resolution varying between 
2.2 A and 2.6 A). In the crystals (in the presence of 2.4 
M ammonium sulphate) there is one dimer per asymmetric 
unit; the residues of subunit-1 and subunit-2 are numbered 
from 2 to 2S0 and 302 to SSO, respectively. This work 
has given further insight into the conformational adaptabil-
ity of the active site. In addition to a major movement 
(7 A) of 100p-6, also known as the flexible loop (Plate 
40), loop-S and 100p-7 also undergo significant conforma-
tional changes (Plate 41), which are correlated with the 
movement of 100p-6. In the unliganded state 100p-6 is in 
an open conformation and in the liganded state (for ex-
ample with glycerol-3-phosphate) this loop is in a closed 
conformation. Significantly more hydrogen bonds between 
100p-6 and 100p-S/loop-7 are present in the closed confor-
mation. Important interactions between loop-S and 100p-6 
are the hydrogen bonds between sidechain and mainchain 
atoms of Glu429 and 100p-6 atoms. In the closed form 
a strong hydrogen bond exists between O(Glu429) and 
N(VaI469) as well as between OE1 (Glu429), NE1 (Trp470) 
and OE2(Glu429), OH(Tyr466), so the carboxylgroup of 
the glutamate is in between OH(Tyr466) and NE1 (Trp470). 

In the open form these two atoms have moved towards 
each other and a direct hydrogen-bond between them 
is formed, so the carboxylgroup of Glu429 is "squeezed 
out". In addition the O(Glu429), N(VaI469) hydrogen bond 
does not exist in the open conformation. In both confor-
mational states the Glu429 atoms are completely buried. 
With respect to the interactions between 100p-6 and 100p-7 
only in the closed form, strong hydrogen bonds exist be-
tween OH(TyrS10), N(Ala478) and between OG(SerS13), 
O(Ala471). 

The importance of these interactions is indicated by the 
observation that the residues Gly428-Glu429 (Ioop-S) and 
TyrS1 0-GlyS11-GlyS12-SerS13 (loop-7) are completely con-
served in all known sequences (Lolis et al., 1990). It is inter-
esting to note that in the closed conformation the ¢/'ljJ-angles 
of SerS13 (SO°, SOO) are quite distinct from the ¢1'ljJ-values 
in the open state (-80°, 120°). In a simple model system 
such a conformational change appears to be associated with 
a considerable energy barrier (approximately 1S kcal/mol, 
Peters & Peters, 1991). Another interesting aspect of the 
open conformation is the interaction between the completely 
buried peptide proton of GlyS12 and the aromatic ring of 
TyrS10. 

The closing of the flexible loop over the active site seems 
to be functionally important for at least two reasons: (1) In 
the closed form there exists a hydrogen bond between 
the phosphate moiety of the substrate analogues and the 
loop. This interaction stabilises the phosphate position and 
prevents a phosphate elimination reaction (Lolis & Petsko, 
1990). (2) The catalytic glutamate (Glu467) is the first 
residue of the flexible loop. When the loop closes then the 
mainchain atoms of Glu467 move slightly. This facilitates the 
movement of the Glu467-sidechain from a "swung-out" (unli-
ganded) to a "swung-in" conformation. This sidechain can be 
involved in catalysis only in the "swung-in" conformation. In 
some of the complexes the "swung-in" conformation occurs 
(for example glycerol-3-phosphate), but in other complexes, 
like for example with sulphate and 2-phosphoglycerate, the 
"swung-out" conformation is present. 
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PLATE 40 

The amino-acid sequence and secondary structure of the 
flexible loop, 100p-6 (subunit-2 numbering; Glu467, the cat-
alytic glutamate, is equivalent to Glu167 in subunit-1). The 
sidechains of residues with polar atoms are explicitly drawn. 
In the closed form there exists a hydrogen bond between 
N(Gly473) and the phosphate moiety of the ligand. ,8-strand-
6(462-466) is hydrogen bonded to ,8-strand-5(422-427) and ,8-
strand-7(507-509). The hydrogen bonds between 100p-6(467-
479) and 100p-5(428-438)/loop-7(51 0-515) are discussed in the 
text. 

473G 474T 

4721 475G 

471A 476K 

470W 477V 

469V 478A 

468P 479T 

OEI 467E 
480P 

OE2 

Crystallographic binding studies with 
substrate analogues 

OG1 

One of the objectives of the TIM-project is to find compounds 
which selectively inhibit the proper functioning of trypanoso-
mal TIM. Such compounds, interfering with the catalytic 
mechanism, must be significantly larger than the substrate 
because the nearest position where amino-acid sequence 
differences give rise to differences in the charactacter of 
the protein surface (when comparing trypanosomal TIM and 
mammalian TIM) is at least 10 A from the active site. As 
a first step in designing such compounds the structures 
of three enzyme inhibitor complexes (G3P (Kj = 0.6 mM), 
3-PGA (Kj = 1.3 mM) and 3-PP (Kj = 27 mM); Plate 42) 
have been refined. These compounds are almost completely 
buried when they bind in the active site cavity: only some of 
the oxygen atoms of the phosphate moiety have a small sol-
vent accessible surface, which makes it rather difficult to de-
velop these inhibitors further towards regions of selectivity. 
Therefore it was decided to determine the mode of binding of 
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PLATE 41 

The conformational adaptibility of trypanosomal TIM. The active 
site, near the catalytic residues Lys13, His95 and Glu167 (in 
subunit-2 these residues are Lys313, His395 and Glu467), is at 
the C-terminal end of the ,8-strands. The black arrows indicate 
the large conformational differences for 100p-5, 100p-6, and 100p-7 
between the open and the closed state. The small conformational 
differences for 100p-4 and 100p-8 are indicated by open arrows. 
The largest differences for the CA-atoms of these loops are 0.8 A 
(Tyr402, 100p-4), 1.1 A (Gln432, 100p-5), 7.1 A (Gly475, 100p-6), 
1.5 A (Gly512, 100p-7), 0.8 A (Gly534, 100p-8). 

loop-8 

loop-6 

loop-5 

loop-4 

IIII H3 I 

subunit-l and 
subunit-2 

TRIOSEPHOSPHATE ISOMERASE 
(SUBUNIT-I) 

a "branched" compound, 2-phosphoglycerate (Kj = 6.9 mM). 
As shown in Plate 42 it has an extra hydroxymethyl-moiety 
when compared with 2-phosphoglycolate (Kj = 0.027 mM), 
which is one of the best inhibitors of TIM. It was hoped 
that 2-PGA would bind in such a way that the extra hydrox-
ymethyl group would stick out of the active site. If so further 
modelling studies would have been carried out to enlarge 
the compound towards the region of selectivity. However 
in the refined structure (2.4 A resolution, 17456 reflections, 
R = 14.9%) of the complex the branch was seen to point 
inwards, and the molecule is again completely buried except 
for some of the phosphate-oxygen atoms. The catalytic 
glutamate is in the "swung-out" position (Plate 43). The 
analysis of the 2-PGA-mode of binding showed that some 
key interactions observed in the first three complexes are 
also observed in this structure (Plate 43): (i) the position and 
orientation of the phosphate moiety is conserved as well as 
(ii) the interaction of an oxygen atom between NZ(Lys313) 
and NE2(His395), because OT1 (2-PGA) is in a position 
equivalent to 02(G3P), 02(3-PGA) and OT2(3-PP). 



PLATE 43 
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2·PHOSPHOGl VCERATE (2-PGA) 

2·PHOSPHOGl YCOLATE (2-PG) 

Active site comparison of the complexes of TIM-2-PGA (thick lines) 
and TIM-G3P (thin lines). The dots indicate the water positions in 
the TIM-2-PGA complex. Note that the Glu467 sidechain adopts 

PLATE 42 

The atomic structures of substrate (DHAP), substrate analogues 
(G3P, 3-PGA, 3-PP, 2-PGA) and a transition state analogue (2-PG). 

rather different conformations, also the Leu532 sidechain position 
is slightly different; the OT1 (2-PGA) and the 02(G3P) are in very 
similar positions in both structures. View similar to Plate 41. 

Active site comparison 
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One of our objectives is to use molecular modelling tech-
niques to design selective inhibitors, therefore a molecu-
lar modelling protocol was evaluated using the BIOGRAF-
package. The test case was the prediction of the mode 
of binding of 2-PGA using the TIM-G3P structure as the 
starting model. It was found that the adaptability of the 
active site, such as the different positions of the catalytic 
glutamates (Plate 43), complicates the modelling. In a con-
trol experiment, the position of 2-PGA was energy min-
imised in the context of its own (rigid) protein scaffold. This 
energy minimisation reduced the energy of 2-PGA from 
+ 17 kcal/mol to -15 kcal/mol. These energy values include 
the covalent energy terms of the inhibitor, together with 
the non-bonded energy terms of the interactions of ligand 
atoms with each other and with the protein atoms. It was 
observed that the 2-PGA-structure changed with an rms of 
0.8 A, which is significantly larger than the estimated error 
in the coordinates. 

The over-expression of recombinant TIM 

In collaboration with PAM. Michels (ICP, Brussels, Bel-
gium) a suitable over-expression system for trypanosomal 
TIM has been implemented, using an E.coli expression 
system. A procedure has been developed to purify wild-
type recombinant TIM and in crystallisation experiments 
the original crystal form could be reproduced. A complete 
dataset was collected (2.3 A resolution, 19945 unique reflec-
tions) and the refined structure (R = 16.6%) confirmed that 
no mutations had been introduced. Previously only minute 
amounts (0.5 mg per batch) of trypanosomal TIM were avail-
able for crystallisation experiments; but with the availability 
of recombinant TIM (30 mg per batch) new crystallisation 
conditions have been tested. Crystals have been grown in 
PEG6000; so far two crystal forms have been obtained: 
(i) without any ligand present and (ii) in the presence of 
1.5 mM 2-phosphoglycolate. The characterisation of these 
crystals is in progress. 

Further experiments will in particular focus on the cocrystalli-
sation of cyclopeptide-TIM complexes, using the inhibitory 
cyclopeptides (Kj = 10 jLm) found in the laboratory of 
H. Kessler (Technical University Munich, Germany). 

Structure comparison studies concerning octarellin 

Octarellin is an artificial protein, over-expressed by 
the group of J. Martial (University of Liege, Bel-
gium). This protein, 240 residues, consists of 8 re-
peats of 30 residues. The sequence of these 30 
residues has been choosen as it is strongly predicted to 
have a turn1 (OARS)-,B-strand(GLVVYL)-turn2(GKRPOSG)-
o:helix(TARELLRHLVAEG) secondary structure. The aim of 
this protein-design project is to make an artificial, stable TIM-
barrel (Goraj et al., 1990). Some preliminary crystallisation 
experiments have been done with this protein. However its 
solubility is very low (30 jLg/ml), suggesting that changes in 
the sequence have to be made to improve the properties 
of this protein. Therefore it was checked to what extent this 
sequence agrees with the sequences of TIM-barrel proteins 
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of known structure. It turned out that the sidechains of the 
putative ,B-strand (VVY) are too bulky and also the position 
in the sequence of the positively charged residues in turn2 
does not favour a TIM-barrel topology. A new sequence has 
been proposed which will subsequently be over-expressed, 
leading to the synthesis of octarellin-2. 

Crystallisation of new proteins 

Crystallisation attempts are being undertaken with interest-
ing proteins. For example we are trying to crystallise a 
functional domain of thyroglobulin (in collaboration with R. Oi 
Lauro, EMBL), and S-adenosyl-methionine-synthetase (in 
collaboration with Oeigner, University of Heidelberg, Fed. 
Rep. Germany). The first success has been the crystallisa-
tion of yeast thiolase (Zeelen, 1990), which is one of the 
enzymes of the ,B-oxidation pathway. 

The ,B-oxidation pathway catalyses the degradation of sat-
urated and unsaturated fatty acids into acetyICoA-moieties. 
In the eukaryotic species the ,B-oxidation pathway is se-
questered in peroxisomes. Only in animals this pathway 
occurs in peroxisomes as well as in mitochondria. A char-
acteristic property of the peroxisomal pathway is the exis-
tence of multifunctional enzymes, whereas the mitochondrial 
enzymes are monofunctional proteins. This project is being 
carried out in collaboration with two different groups: (1) Thi-
olase from yeast Saccharomyces cerevisiae peroxisomes is 
being studied in collaboration with W.H. Kunau (Ruhr Uni-
versity, Bochum, Fed. Rep. Germany). Well ordered crystals 
(one dimer per asymmetric unit) have been obtained (Zeelen 
et al., 1990). These crystals diffract to at least 2.4 A at room 
temperature. Preliminary cryocooling experiments have es-
tablished conditions (standard mother-liquor diluted by one 
volume of pure 2-methyl-2,4-pentanediol) which allow crys-
tals to be cryocooled in a stream of cold nitrogen (-190°C), 
reducing considerably the x-ray sensitivity, without any dete-
rioration of the ordering in the crystals. The structure deter-
mination of this enzyme has been initiated. (2) A trifunctional 
enzyme (Palosaari & Hiltunen, 1990) and a monofunctional 

(Palosaari et al., 1990) are being studied 
in collaboration with J.K. Hiltunen (University of Oulu, Fin-
land). Crystallisation studies of these enzymes have been 
initiated. The trifunctional enzyme (monomeric, Mr = 78000) 
is purified from clofibrate induced rat liver peroxisomes. The 
monofunctional enzyme (dimeric, Mr = 2x30000) is purified 
from clofibrate induced rat liver mitochondria. 
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Crystallographic methods 

Group leader: P.A. Tucker 

Scientists, Engineers: A.Moussavi, J.P.M. Postma, D. Wild 

Fellow: D. Thomas 

Visitors: S. Baudet*, I. Broutin*, W. Burmeister*, M. Erard*, C. Klein*, M. MOhleisen*, R. Nechushtai*, H.H. Ohlenbusch*, G. Petsko*, 
K. Piontek*, G. Shoham*, N. Strater*, T. Theune*, P. Timmins*, M. Weiss*, J. Witz* 

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

X-ray instrumentation 

We have added to our capabilities for low-temperature work 
a device that allows the cooling of a capillary-mounted 
crystal to around _20DC. We are currently improving our 
beam properties with the introduction of adjustable slit 
systems and the choice of monochromator or Franks op-
tics and are exploring the possibility of using channel-cut 
condensing monochromators. The DIP100 image plate de-
vice, loaned to us by the MACScience Co., was returned 
to Japan in July. We found the host computer and the 
4 min. plate read-out time of the DIP100 device limiting 
and have chosen instead the MAR Research instrument, 
which we expect to be delivered in March 1991. The 
area detectors have been used extensively during the year 
on both internal (trypanosomal triosephosphateisomerase 
(Wierenga, X100A, FAST), aerolysin (Tsernoglou, X100A), 
glutathione transferase (Parker, X100A), adenovirus ss-
DNA binding protein (Tsernoglou, Tucker, X100A), nucle-
ase P1 (Suck, X100A, FAST), DNase I (Suck, X100A, 
FAST), yeast thiolase (Wierenga, FAST), Rop (Tsernoglou, 
Sander, X100A, FAST)) and external (carboxypeptidase A 
(Shoham, Nechustai, FAST, DIP100), alanine racemase 
(Petsko, DIP1 00), neuraminidase (Burmeister, DIP1 00), col-
lagenase (Broutin, Ducruix, FAST), cyclodextringlycosyl-
transferase (Klein, Schultz, X100A), porin (Schultz, Weiss, 
X100A), seryl t-RNA synthetase (Theune, FAST at 100 K), 
barnase d(GC) (Janin, Baudet, FAST) and lignin peroxidase 
(Piontek, X100A)) projects. 
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On the software side we have adapted some of the more 
CPU-intensive data processing software to optimize vector-
ization as well as added utilities to display rocking curves 
with the FAST area detector for example. 

Protein crystallographic software (D. Wild) 

As part of our role in the European Association for Crys-
tallography of Biological Macromolecules (EACBM) working 
group on protein crystallographic software, efforts have been 
directed towards the development of a prototype X-windows 
user interface for the widely used CCP4 suite of programs. 
Although protein crystallographers have been quick to adopt 
new hardware platforms, most crystallographic software still 
uses traditional 80 column "card image" format. Our user 
interface is designed as a "shell" for the CCP4 programs, 
and produces a standard CCP4 command file which can 
be executed directly from the interface. Over the past year 
we have further developed our initial design, based on the 
DECwindows (XUI) toolkit, and have adapted this to the 
more portable MOTIF toolkit, which runs on both VMS and 
UNIX platforms. On start-up, the user is presented with 
a pull-down menu bar comprising a number of pull-down 
menus including file, calculation, utilities and help. On se-
lecting the calculation menu the user is presented with a 
second pull-down menu comprising the types of calculations 
involved in a structure determination: data reduction, scal-
ing, phasing, molecular replacement, refinement etc .. For 
each calculation type there is a "side" pull-down menu listing 
the CCP4 programs relevant to that type of calculation. 
When a program has been selected two things happen: 
buttons in the file pull-down menu containing the names of 
input and output files appropriate to the program become 
active. At the same time, the user is presented with one or 
more input dialog boxes (see Plate 44). These contain all 
the input data required by the program, and are designed 
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to use simple input devices (toggle buttons, "radio" tog-
gle buttons and text fields). These input devices cor-
respond to different keywords in the current CCP4 in-
put data. At any time during the "input phase" the user 
can click on the help button in the dialog box and re-
ceive on-line help on the input in a separate help win-
dow. Further developments to the interface in collab-
oration with L. Ten Eyck are in progress. These in-
clude error checking of user input, a port to the XView 
toolkit and X-window based summary and graphical out-
put. 

X-ray crystallographic data processing (D. Thomas) 

It is well established that the best way to reduce the in-
put of background radiation on the quantification of the 
diffraction spot intensities is to use an unbiased analysis 
of shapes (i.e. profiles) of the diffraction spots (see last 
year's research report). This task has progressed as far 
as the formulation of the quantity called the total diffrac-
tion integral, which describes accurately the shapes of all 
spots within the framework of kinematical diffraction the-
ory. An outcome of this research was the discovery of 
a previously unknown tensor quantity which governs the 
shape of all diffraction spots, and of a quartic surface of 
rotation which replaces the Ewald sphere or the diffrac-
tion plane as the surface typifying the diffraction geome-
try. 

PLATE 44 

An input dialog box for the CCP4 program ANISOSC. 
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Molecular dynamics x-ray refinement (J. Postma) 

The GROMOS suite of programs has been ported to a DEC-
Station 3100. The present MD/x-ray program is able to do 
B-factor as well as refinement. A refinement of nuclease P1 
(A. Volbeda, D. Suck) was mainly performed to compare the 
GROMOS and XPLOR programs using the same data. The 
comparison shows that both programs give similar results in 
terms of R-factor and refined final structure. The GROMOS 
programs, however, gave a slighlty better R-factor (24% as 
opposed to 26% to 2.8 A resolution) and this is assumed 
to be the result of the different refinement protocols. Newly 
collected data have also allowed the continued MD/x-ray 
refinement of the colicin A structure (M. Parker) to a reso-
lution of 2.4 A. The model has now been rebuilt and water 
molecules added. Final refinement is in progress. In col-
laboration with Martin Noble a set of modules have been 
designed that allow easy generation of topology building 
blocks to be used in the GROMOS programs. A user-
defined module has been added to the BIOGRAF computer 
graphics program and outputs information that is complete 
enough to be used in MD and/or MD/x-ray refinement. The 
corresponding molecular topology program (PROGMT) has 
been modified in such a way that the incorporation of such 
a non-standard compound into the GROMOS topology is 
transparent to the user. A procedure has been designed to 
mimic the solvent using an artificial Leonard-Jones liquid. 
The atomic size of this liquid can be chosen randomly. The 
correct pressure/volume of the simulated system is achieved 
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by a few trial MD runs. This approach has been used in 
an attempt to refine a multi-fragment model of aerolysin to 
3 A resolution. However no substantial improvement in the 
model was obtained, presumably due to the low quality of 
the initial electron density map. A newly built model based 
on more recent data is expected to provide a better test of 
the procedure. 

Protein folding (D. Thomas) 

Some work has been done in the field of protein folding. 
It has been discovered that the loop region of proteins 
may develop a significant end to end tension for entropic 
reasons, and that myoglobin is mechanically stable against 
the influence of these forces. Tests of other folds are now 
being made with the help of D. ben-Avraham. A serious at-
tempt is being made to provide a better secondary structure 
prediction algorithm which has already had some success 
in the case of colicin A. Work in this area will continue in 
another group next year. 

Collaborative structural projects 

(1) Adenovirus ssDNA binding protein (with D. Tsernoglou 
& A. Tucker): Structure determination of the 39 kDa 
chymotryptic fragment is still held up by lack of deriva-
tives. From the single good (gold) derivative anomalous 
differences have been measured at Hamburg. The 
resulting SIRAS map appears interpretable in some 
regions. A complete chain trace does not seem pos-
sible, but a preliminary Cn trace for a 210aa segment 
of the 352aa fragment has been obtained. Since the 
solvent content is not high (around 40%), solvent flat-
tening does not enormously improve the SIRAS map. A 
second crystal form, assumed to contain two molecules 
in the asymmetric unit, is being investigated. 

(2) Uncoupling protein (with M. Muhleisen): We are cur-
rently isolating, and exchanging into a suitable deter-
gent for crystallization trials, the so-called uncoupling 
protein from the inner mitochondrial membrane of rat 
brown adipose tissue. The sequence shows strong 
similarities with that for the ADP/ATP translocase and 
some similarity with the phosphate carrier. 

(3) Photosystem 1 (with G. Shoham and R. Nechustai): 
Crystals of PS1 from Mastigocladus Laminosus have 
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been grown at the Hebrew University (Jerusalem) and 
the x-ray investigation performed at EMBL (Heidel-
berg). The crystals are hexagonal, a=222 A, c=149 A 
with one molecule per asymmetric unit, but diffraction 
has not yet been observed beyond 6 A. 

Publications during the year 
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Membrane protein complexes 

Group leader: M. Saraste 

Fellows: M, LObben*, J. van der Oost 

Visitor: G. Campbell* 

Assistant: A. Warne* 

We are trying to get structural and functional insight to cy-
tochrome oxidase and related membrane-bound enzymes. 
Cytochrome and quinol oxidases function as proton pumps. 
A central problem is how reduction of oxygen catalysed by 
these complexes is coupled to vectorial proton transport. 
What are the molecular mechanisms of such proton pumps? 
This insight requires a combination of mutagenesis and 
structural work. Progress is being made in the former field, 
while the latter remains a great challenge. 

Bacterial cytochrome oxidases 

Cytochrome oxidase is a characteristic enzyme of mito-
chondria where the complex contains up to 13 different 
proteins. Bacterial cytochrome oxidases contain three or 
sometimes four different subunits, two haems A and two 
redox-active copper centres, representing the functional 
core of eukaryotic enzyme (Plate 45). The metals are bound 
to subunits I and II (COl and COli). Subunit III (COlli) is 
required for the assembly of active enzyme but may not 
be involved in the catalytic activity. COl has the bimetallic 
Fe-Cu site (Fe is the central atom of the high spin haem), 
where oxygen is reduced, and the binding site for the 
low spin haem. These three metals are liganded to six 
histidines strictly conserved in about 30 sequenced COl 
proteins. COli contains the binding site for cytochrome c 
and a copper centre. The latter may reside in a subdomain 
that has characteristics of a structure typical for a family 
of blue copper proteins. Several laboratories are studying 
structures of the active sites by mutagenesis and model 
building. 

PLATE 45 

Subunit composition and purity of Paracoccus denitrificans cy-
tochrome oxidase eluting from a FPLC gel filtration column. Silver-
stained gel. 
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PLATE 46 

Scheme of the genetic locus in Bacillus subti/is that contains the 
structural genes for cytochrome oxidase and its assembly factors. 
J01 and J06 are two mutants discussed in the text. 

cytochrome oxidase operon of Bacillus subtilis 

assembly factors structural subunits 

ctaA etaB ctaC H etaD 

mutant J06: spontaneous deletion of 5.5 kb 
I I 
mutant JOt: substituted by Pm-box 

tkb 

Bacterial systems are convenient in approaching structure-
function relationships, since they allow the use of ge-
netic manipulation. This approach requires isolation of the 
genes coding for oxidase complexes, preparation of deletion 
strains that can be used for expression of altered enzymes 
or fragments of their subunits, and construction of expres-
sion plasmids. 

Isolation of genes 

We have continued previous work on isolation of oxidase 
genes from bacteria. Mathias LObben has cloned the genetic 
locus encoding a terminal oxidase of the thermoacidophilic 
archaebacterium Sulf%bus acidoca/darius. This quinol ox-
idase appears to have only a single subunit. Its sequence 
is clearly related to the other COl proteins. We have begun 
to sequence this locus and develop an expression system 
that may enable a large scale purification of this enzyme. 
Our hope is that, being the simplest known structure within 
the family and presumably very stable, it may be suitable 
for structural studies. 

Mutagenesis 

Deletion of genomic oxidase genes from Bacillus subti/is 
has been carried out by John van der Oost in collaboration 
with Claes von Wachenfeld and Lars Hederstedt (Lund). 
We have been thinking of using B.subtilis for site-directed 
mutagenesis; however, two enzymes, a cytochrome and a 
quinol oxidase, are equipped with haem A in this bacterium 
which complicates the phenotype analysis. 

Two kinds of mutants were produced by deletion experi-
ments. The first has a designed deletion in the structural 
cytochrome oxidase genes. The second is a spontaneous 
deletion in adjacent genes that code probably for assembly 
factors employed by both oxidases (Plate 46). Such specific 
factors have recently been discovered in several organisms 
including yeast, and assembly is becoming a major issue in 
molecular biology of cytochrome oxidase complexes. 
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In collaboration with Tuomas Haltia and Marten Wikstrom 
(Helsinki), the role of COlli in the Paracoccus denitrificans 
oxidase has been studied using site-directed mutagenesis. 
COlli has a membrane-buried glutamic acid residue that can 
be modified with dicyclohexyl carbodiimide; this modification 
has been thought to affect proton translocation. However, 
substitution of this residue does not change the efficiency of 
proton translocation. 

Purification of oxidases 

Antony Warne has produced improved preparations of the 
bacterial oxidase for crystallization experiments (Plate 45). 
For instance, a deletion strain MR3 of P.denitrificans, made 
by Mirja Raitio (Helsinki), has been used for isolation of the 
enzyme. This bacterium has two homologous COl genes, 
and one of these was deleted by homologous gene re-
placement. The genetically homogeneous enzyme is used 
for three-dimensional crystallization trials. 

Our aim is to prepare two-dimensional and three-
dimensional crystals using various bacterial oxidases. We 
plan to study the effect of added hydrophilic domains on 
crystallization; these are made by gene fusions. Expression 
of subdomains such as the Cu-site in COli may also lead to 
structural studies. Biochemical work on the assembly factors 
will also be initiated. 

Publications during the year 
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Experimental elucidation of protein folding pathways 

Group leader: T. Creighton* 

Fellows: C. Bagley*, J. Ewbank* 

The primary goal is to elucidate the basic principles of 
protein structure and function, in particular the physical basis 
for the stability of the folded state and how that state is 
attained, both during biosynthesis of the protein molecule 
and from its evolutionary history. 

The bovine pancreatic trypsin inhibitor (BPTI) 
folding pathway 

Structural characterization of the folding intermediates of 
bovine pancreatic trypsin inhibitor (BPTI) should make 
it possible to elucidate further details of this best-
characterized protein folding pathway (Plate 47). This fold-
ing pathway was elucidated by trapping the intermediates 
that accumulate kinetically during unfolding and refolding, 
using the unique properties of the interaction between pairs 
of cysteine residues to form a disulphide bond. The inter-
mediates with incomplete numbers of disulphide bonds, or 
with non-native disulphides, are thermodynamically unstable 
during folding, but they can be trapped in a stable form 
by blocking covalently all free thiol groups. Such trapped 
intermediates are suitable for structural analysis, but they 
have the disadvantage of having bulky and ionized blocking 
groups on the cysteine residues not involved in disulphides. 
To avoid this problem, we are currently preparing the equiva-
lents of the intermediates by genetic engineering, replacing 
the cysteine residues not involved in disulphide bonds by 
serines. The engineered proteins differ from the normal 
intermediates during folding only in having certain sulphur 
atoms replaced by oxygens. This procedure also has the 
advantages that the engineered intermediates are more 
homogeneous than those isolated from a complex trapped 
folding mixture and that intermediates that accumulate to 
only low levels, but are kinetically important, can be pre-
pared in substantial quantities. 

The conformational properties of these proteins are being 
elucidated using two-dimensional NMR techniques, for the 
conformations of the protein during folding should provide 
the information to explain why the particular folding pathway 

is followed. The kinetics of folding and disulphide bond 
formation of these proteins are also being determined, to 
dissect further the folding pathway and to provide micro-
scopic rate constants for individual steps that previously 
were observed only as part of a composite step. 

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. 

As a first step toward studying protein folding during biosyn-
thesis, the gene for BPTI was cloned and characterized. 
It indicated that the protein is synthesised as a some-
what longer precursor, with a putative signal peptide for 
translocation into the endoplasmic reticulum and with further 
short extensions of unknown function at both ends of the 
mature polypeptide chain. Consequently, the protein that 
folds in vivo is probably the precursor, minus the signal 
peptide. Considerable proteolytic processing also must take 
place after biosynthesis and folding of the polypeptide chain. 
The roles of the extensions will be examined by preparing 
the appropriate precursor polypeptides in E.coN by genetic 
engineering methods. 

Expression of the BPTI gene in a suitable system could also 
be used to study the folding pathway of the protein during 
biosynthesis. The conformation of the nascent chain could 
be examined physically, immunochemically, or by using 
disulphide bond formation. 

Recent findings of many natural factors involved in pro-
tein folding and assembly (e.g., chaperones, prolyl peptide 
isomerase) raise many questions about how these fac-
tors function and how they can recognize the appropriate 
conformational states of a variety of different proteins. A 
comprehensive study of the roles in folding of one or more of 
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PLATE 47 

The disulphide pathway of unfolding and refolding of BPTI. The 
polypeptide backbone of the protein is depicted by a smooth open 
line when its conformation is not regular, not defined, or unknown, 
by an arrow for ,B-strand conformation, and by a coil for an a-
helix. The tentative, approximate conformations of the intermediates 
are based on that of the fully folded conformation. The positions 
of the six cysteine residues are depicted, and the intermediates 
are designated by the disulphide bonds (solid crosslinks) they 
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these factors would be appropriate. One approach would be 
to study the action in vitro of these factors on a well-defined 
folding pathway, such as that of BPTI, as we had done 
previously with protein disulphide isomerase. The BPTI 
folding pathway may not be appropriate for all of the fac-
tors, such as the chaperones, which appear to be involved 
primarily in assembly of multimeric proteins, so it may be 
necessary to study the folding of additional proteins, with 
and without chaperones. Besides the important question of 
how the folding factors function, there is the corresponding 
question of why some proteins cannot fold in the absence of 
these factors; their non-productive folding processes in the 
absence of the factors should be characterized. 

The so-called "molten globule" 
conformation of proteins 

Most proteins that have been studied appear to adopt a 
"molten globule" conformation immediately after the un-
folded protein is placed under refolding conditions. This 
newly-recognized conformational state is also stable with 
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certain proteins under certain conditions; it can, therefore, 
be studied in detail, but only a very vague description of 
the molten globule can be given at the present time. It is 
much more compact than a fully unfolded protein, having 
only slightly greater hydrodynamic volume than the native 
protein. It usually has a content of secondary structure simi-
lar to that of the native conformation, but its tertiary structure 
seems not to be well defined. We have been using protein 
engineering to determine what parts of the primary structure 
are necessary for the molten globule state of apomyoglobin 
to be stable. Changes of a single residue have little effect on 
the stability of the molten globule, whereas larger changes, 
such as deletion of a helical segment, destabilize it drasti-
cally. Further mutational studies should indicate in greater 
detail what portions of the primary structure are required for 
stability of the molten globule conformation. 

Another study in progress uses the four disulphide bonds 
of a-lactalbumin to characterize its molten globule state. 
After reduction of one of the disulphides, the resulting three-
disulphide bond form of folded a-lactalbumin is stable in 
the native conformation when Ca2+ is bound. When the 



Ca2+ is removed, however, the protein adopts the molten 
globule conformation and spontaneously rearranges the 
three native disulphides to a number of other combinations 
that tend to maintain the molten globule conformation. The 
rearrangement occurs at the same rate as when the protein 
is fully unfolded in 8 M urea, but results in a different set of 
disulphide isomers. This indicates that the molten globule 
conformation of a-lactalbumin does not seem to have its 
polypeptide chain in a well-defined topology that keeps the 
cysteine residues in native-like proximity. 

Positive selection in the evolution 
of protease inhibitors. 

The folding studies were initiated on BPTI simply because 
it is a small, stable model protein. They have, however, 
raised many questions about the biological function of the 
protein, of which little is known, other than that it can be 
a potent inhibitor of certain serine proteases. While cloning 
the gene for BPTI, a closely-related gene was also found. 
Comparison of the two genes indicated that their functional 

regions differ most, in contrast to the usual situation, where 
the functional regions differ least. This suggested that BPTI 
and the homologous gene arose by gene duplication re-
cently and have diverged primarily as a result of positive 
selective pressures for differences in inhibitory properties 
of the two proteins. A similar phenomenon in other pro-
tease inhibitor families has been observed by others. This 
raises questions about the functions of these inhibitors 
and about the proteases that they are assumed normally 
to inhibit. Upon investigation, hypervariability of the active 
site regions of certain serine proteases was also found, 
suggesting that these proteases might be the natural targets 
of such inhibitors. The proteases and their protein inhibitors 
are the most impressive examples of the role of positive 
evolutionary selection for functional divergence between 
related proteins; in contrast, most evolutionary divergence 
at the molecular level appears to be neutral and functional 
change has been selected against. The phenomenon of 
positive selection can be studied further by characterizing 
the normal biological roles of the inhibitors and proteases 
and by comparing the sequences of additional proteases 
and inhibitors. 
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Design and prediction of protein structures 

Group leader: C. Sander 

Scientist: G. Vriend 

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

Visitors: A. Finkelstein*, R. Grandori*, A. Godzik*, U. Goebel*, D. Hendriks*, O. Ptitsyn*, B. Rost*, J. Stouten*, G. Tuparev, J. Willamowski* 

Assistant: B. Altenberg 

EMBO workshop: "Protein Design on Computers" 

Twenty-three aspiring protein designers, supported by 
EMBL staff and financed by EMBO worked hard for two 
weeks to produce designs of five novel proteins. The pro-
teins were: 

Grendel - a four-helical membrane anchor 
Aida - an antibody binding surface specific for flavodoxin 
Shpilka - a sandwich of two four-stranded ,B-sheets (P1.48) 
Leather - a minimal NAD binding domain 
Clasp - a dimer of interdigitating ,B-,B-a units 

Each design was reported as a set of three-dimensional 
coordinates and the corresponding amino-acid sequence. 
The designs were placed in the public domain for scrutiny, 
improvement and possible experimental verification. Gene 
or peptide synthesis of two of the proteins is in progress 
in Japan and in the U.K .. Subsequent protein production, 
purification, structure determination by x-ray crystallography 
or NMR, functional assays, unfolding and refolding experi-
ments of proteins like these will teach us more about protein 
folding and about the methods for producing proteins with 
desired structural properties. 

The workshop report will be appearing as an EMBL BIO-
computing Technical Document, available from C. Raulfs at 
EMBL. The protein coordinates can be obtained from the 
EMBL e-mail file server, by sending the message "send pro-
teindata:xxxx.brk_mod" to NETSERV@EMBL.bitnet, where 
xxxx is the name of the protein. 
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PLATE 48 

Structure cartoon of a de novo designed protein. The protein was 
designed to be a scaffold for a series of ,B sandwich proteins with 
varied topology of loop connections. 



PLATE 49 

Structure of the p21 Ras oncogene protein as solved at the Max-
Planck-Institute for Medical Research in Heidelberg with known and 

PLATE 50 

Evolutionary tree of Ras-related proteins. Four major functional 
groups can be seen. Distance from the end of branches (left) to 
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G-domains of ras p21 oncogene protein 
and elongation factor Tu: analysis of 
three-dimensional structures, sequence 
families and functional sites. 

GTPase domains are functional and structural units em-
ployed as molecular switches in a variety of important cel-
lular such as growth control, protein biosynthe-
sis and membrane traffic. Amino-acid sequences of more 
than 100 members of different subfamilies are known, but 
crystal structures of only mammalian ras p21 and bacterial 
elongation factor Tu (EF-Tu). After optimal superposition 
of these remarkably similar structures, careful multiple se-
quence alignment and calculation of residue-residue interac-
tions, we analysed the two subfamilies in terms of structural 
conservation, sequence conservation and residue contact 
strength. There were three main results. (1) A structure 
based alignment of p21 and EF-Tu. (2) The definition of 
a common conserved structural core that may be useful 
as the basis of model building by homology of the three-
dimensional structure of any G-domain. (3) Identification of 
sequence regions (Plate 49), other than the effector loop 
and the nucleotide binding site, which may be involved in 
the functional cycle: loop L4, known to change conforma-
tion after GTP hydrolysis; helix 0:2, especially R73 and 
M67 in ras p21; loops L8/L 10, including ras p21 R123, 
K147 and L 120; and, residues located spatially near the 
N/C-termini. These regions are candidate sites for inter-
action with either the GTP/GDP exchange factor, with a 
GTPase-affected function or with a molecule delivered to 
a destination site with the aid of the G-domain. (PNAS, in 
press). 

The Ras protein family: evolutionary tree 
and role of conserved amino-acids 

The Ras p21 protein originally attracted attention as the 
product of a viral oncogene. Several years later it has 
become clear that Ras p21 is a model for a wide range 
of proteins containing a GTPase domain which is used as a 
molecular switch to control cellular processes. Based on our 
knowledge of the crystal structures of cellular and oncogenic 
human Ras p21 variants in various substrate states, and 
of the sequences of more than 70 Ras-like proteins from 
many species, a survey of the entire family of Ras-like 
proteins was made, including the Ras, Rho and YptlRab 
subfamilies (Plate 50). The functional and structural role of 
conserved residues was analysed in detail. (Biochemistry, 
in press). 

Identification by computer sequence analysis 
of transcriptional regulator proteins in 
Dictyostelium discoideum and 
it Serratia marcescens 

We have performed computer searches in the database 
of known protein sequences for proteins similar in se-
quence to bacteriophage regulatory proteins of known 
three-dimensional structure. The searches are more se-
lective than other methods due to the use of a length-
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dependent threshold in sequence similarity for which struc-
tural homology is implied with high certainty. Two proba-
ble DNA binding proteins were identified which are pre-
dicted to have a three-dimensional structure very simi-
lar to bacteriophage cro and repressor proteins. Approx-
imate three-dimensional model coordinates are available 
from the authors. Both proteins contain the helix-turn-helix 
sequence motif typical of a wide class of DNA bind-
ing proteins and their function is deduced by analogy to 
sequence-similar proteins of known function. We predict that 
the Y.Smal protein in the restriction-modification enzyme 
gene locus of the enterobacterium Serratia marcescens 
is a repressor of endonuclease expression; and, that the 
vegetative specific gene VSH7 of the slime mold Dic-
tyostelium discoideum codes for a regulator of gene ex-
pression specific for the slime mold growth phase be-
fore the onset of the developmental program. Point mu-
tations that would have a strong effect on growth regula-
tion phenotype are suggested. (Nucleic Acids Research, in 
press). 

A structure-derived sequence pattern for 
the detection of type I copper binding 
domains in distantly related proteins 

A structure-based approach to the definition of sequence 
patterns characteristic of protein domains has been devel-
oped. The approach requires a multiple sequence align-
ment of a family (or set of related families) as well as 
at least one three-dimensional structure. The pattern de-
rived does not merely summarize the information in the 
known sequences but attempts to generalize the pattern 
specifications based on structural insight. In this exam-
ple, the pattern-driven database search identified correctly 
most of the known Type I copper-binding domains and 
detected the presence of an homologous domain in a pre-
viously unknown case (CopA protein). (FEBS Letters, in 
press). 

Energy minimization in intelligent 
degrees of freedom 

Molecular mechanics can be carried out in Cartesian co-
ordinates, i.e. x,y,z of real three-dimensional space, or in 
internal coordinates, i.e. bond lengths, bond angles and 
dihedral angles. The use of internal degrees of freedom 
in molecular modelling greatly simplifies the simulation of 
cooperative structural changes, so important in biological 
macromolecules. Our program MaxTwist, written prior to 
1986, flexibly allows specification of any subset of the inter-
nal degrees of freedom during simulation, allowing at one 
extreme full flexibility of local geometry and at the other 
extreme manipulation of structural elements and domains 
as rigid structural units. The user can intelligently choose 
the subset of degrees of freedom appropriate to a partic-
ular task. This is useful in the analysis and simulation of 
cooperative motion in proteins. The program has now been 
extended by use of a refined set of potential parameters and 
the introduction of an effective solvation term. 



PLATE 51 

Unexpected structural homology between ubiquitin and ferredoxin 
illustrated here by superposition of the eta) traces (gaps where one 

Monte Carlo optimization of protein 
structural cores 

A Monte Carlo algorithm for the optimization of side chain 
packing in the protein interior has been developed and the 
simulated annealing protocol optimized by calibration on 
proteins of known structure. The algorithm can explore very 
many alternate side chain packings in structural cores in 
minutes with about 70% of chi-1 angles correctly predicted in 
the protein interior. The algorithm is being used in automatic 
model building by homology, e.g. of G-domain proteins. 
(J. Mol. BioI., in press). 

Detection of common three-dimensional 
substructures in proteins 

We have developed a fully automatic algorithm for three-
dimensional alignment of protein structures and for the 
detection of common substructures and structural repeats. 
Given the three-dimensional structures of two proteins, the 
algorithm first identifies all pairs of structurally similar frag-
ments and subsequently clusters into larger units pairs of 
fragments which are compatible in three dimensions. The 
detection of similar substructures is independent of inser-
tion/deletion penalties and can be chosen to be independent 
of the topology of loop connections and to allow for reversal 
of chain direction. Using distance geometry filters and other 
approximations, the algorithm, implemented in the WHAT IF 
program, is so fast that structural comparison of a single 
protein with the entire database of known protein structures 
can be performed routinely on a workstation. The method re-
produces known non-trivial superpositions like plastocyanin 
on azurin. In addition, we report surprising structural simi-
larity between ubiquitin and a (2Fe-2S) ferredoxin (Plate 51; 
Proteins, in press). 

protein has extra loops). The sequences and biological functions of 
the two proteins are very different, yet the overall fold is the same. 

WHAT IF - a software system for molecular 
graphics, model building, database searches 
and drug design 

During 1990 our efforts to create a flexible and user-friendly 
knowledge-based molecular modeling and analysis sofware 
environment were continued. The program WHAT IF by 
Gerrit Vriend has reached a state of maturity which is best 
demonstrated by the fact that at present almost a hun-
dred institutions and industries are using this program. The 
conversion to several kinds of UNIX workstations is either 
completed or in progress and some preliminary studies of 
interprocess communication have been made to examine 
the feasibility of distributed processing in the EMBL network 
environment. Among the new tools added in 1990 are a 
structure-function relation query system, several sequence 
comparison and analysis tools, such as interfaces to a 
manual sequence alignment editor (J. Leunissen) and a 
multi sequence alignment program (M. Vingron) and, in col-
laboration with R. Wierenga, a hydrogen bond analysis tool. 
Ultimately, the usefulness of computer tools is best judged 
by their usage. Several collaborations with groups using 
WHAT IF, inside EMBL and elsewhere, are in progress. 

Prediction and experimental verification of 
mutant properties of neutral proteases 

In collaboration with V. Eijsink in the molecular genetics 
group of Prof. G. Venema in Haren, the Netherlands, the 
thermostability of neutral proteases is being studied. Hun-
dreds of mutants have been predicted, and most of those 
have also been produced and characterised (Plate 52). This 
has shed light on several aspects of protein stability, and has 
led to a new theory for the thermostability of proteases in 
general. 
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PLATE 52 

Structure of a neutral protease with successful point mutations 
indicated by dots. 

Model building by homology to test specificity 
of binding: carboxypeptidase and uteroglobin 

The structure function relations and activity of carboxypep-
tidases have been studied in collaboration with summer 
visitor D. Hendriks from Prof. Scharpe's medical biology 
group at the University of Antwerp. This study has led to 
a model for the human plasma carboxypeptidase N. Some 
suggestions were made for the mode of action and the 
substrate specificity of this molecule. The dipeptides needed 
to prove or falsify our ideas are presently being synthesized 
by the new protein synthesis group at the EMBL. 

The binding of progesteron by uteroglobin is being studied 
in collaboration with W. Peter and G. Suske in the molecular 
biology and tumour research group of Prof. M. Beato at 
the University of Marburg. The effect of residues thought 
to be important for binding via hydrogen bonds was studied 
by means of site-directed mutagenesis. The previous ideas 
about the importance of two threonine and two tyrosine 
residues were proven to be correct. A model for the mode 
of binding, and for the kinetics of the binding process has 
been proposed. This model has led to new suggestions for 
pOint mutants that could further enhance our knowledge of 
this molecule. (J. Steroid Chem., in press). 
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Model building of rubredoxin reductase 

The sequence of the rubredoxin reductase of Pseudomonas 
oleovorans shows two ADP binding (3-0'.-(3 fingerprints as 
proposed by Rik Wierenga. In collaboration with G. Eggink 
and P. Terpstra in the biochemistry group at the University 
of Groningen a model of this structure was built. This model 
has shed light on many aspects of the functioning of this 
reductase. 

Model building of a seven-helix membrane protein 

Membrane proteins occur throughout the body and fulfill 
many important roles. One structural class of membrane 
spanning proteins are the seven helix membrane bundles. 
There are to date only very few structures known of mem-
brane bound proteins. However, about most of these struc-
tures there is extensive expertise available at the EMBL. A 
study for the feasibility of the modelling of seven membrane 
helix bundles has made clear that the core formation of 
membrane spanning helices is subject to the same rules 
as soluble helix bundles like Rop. We are presently looking 
into the possibility of using neural networks to sort the large 
amounts of heterogeneous biochemical data to be able to 



use these data to improve our model building capabilities. 
The ,B-adrenergic receptor and the serotonin receptor have 
been chosen as initial study objects. 

Software and databases distributed world wide 

WHAT IF 

DSSP 
HSSP 
PREDICT 

Other projects 

molecular modelling, database searches 
and drug design 
database of protein secondary structures 
database of structural protein families 
protein structure prediction by several 
methods 

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

Protlnfo Service: Sequence analysis of newly sequenced 
proteins using the Protlnfo suite of software tools - with 
numerous groups, both at EMBL and in the Member States. 

Design, expression and structure determination by NMR 
and x-ray crystallography of natural and redesigned Rop 
proteins and of de novo designed proteins - with 
Demetrius Tsernoglou and with groups at the Universities 
of Gottingen, Regensburg and Rome, at the GBF, Braun-
schweig and at the Max-Planck-Institute for Medical Re-
search, Heidelberg. 

Determination by two-dimensional NMR of the structure of 
biologically important peptides - with GBF, Braunschweig, 
University Gottingen and Max-Planck-Institute for Medical 
Research, Heidelberg. 

The effect of point mutations on yeast RAS structure and 
function - with Ottavio Fasano. Multiple sequence alignment 
with emphasis on conserved residues. 

Three-dimensional alignment of protein structures by a dy-
namic algorithm. 

Neural network algorithms applied to problems of protein 
structure prediction. 

An effective protein-solvent interaction for use in energy 
minimization and molecular dynamics - with a group at the 
Humboldt University, Berlin. 
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Sequence and structure analysis of proteins and genes 

Group leader: P. Argos 

Scientist: J. Heringa 

Fellows: R. Abagyan*, D. Bordo, G. Chelvanayagam*, T. Gibson, P. Lijnzaad*, S. Pascarella*, P. Sibbald, M. Vingron, J. de Vlieg* 

Visitors: D. Frishman*, J. Levin*, A. Mazur*, Z. Reich* 

Assistants: T. Etzold*, K.-H. Gross*, M. Rose*, H. Sommerfeldt*, 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 structural and folding principles and then 
attempts to move forward to the ultimate goal of predicting 
tertiary structure from only a knowledge of the primary 
sequence. Within this wider framework are the specific 
projects of 1990 which are described subsequently. 

Sequence alignment and techniques 

The sequence alignment algorithms developed by the group 
were applied to various protein systems in collaboration 
with several internal and external researchers. A partial 
list of proteins involved includes guanine.-nucleotide binding 
proteins, titin, the ras-related YPT gene family, tRNA syn-
thetases, blood coagulation regulators, sex hormone binding 
proteins, glycinins, and proteins associated with non-clathrin 
coated vesicles in the Golgi complex. 

Efforts are underway to establish a sequence analysis ser-
vice for the EMBL. It is intended to have certain staff, who 
are familiar with all appropriate computer programs and 
able to interpret their output, available on a regular basis 
to perform sequence analyses. 

The credibility of an alignment region between two se-
quences can be judged by the existence of the same 
matched span in many reasonable alignments of the se-
quences. For two sequences of low similarity, the alignment 
often changes drastically when the calculation is carried out 
with different gap penalties or different similarity matrices. 
The problem is alleviated by first finding suboptimal align-
ments with a score close to the best and then inserting 
them as significant scores in the search matrix. The reliable 
regions of similarity between two sequences then are those 
regions for which a population of locally different suboptimal 
alignments does not exist. The suboptimal matrix is trans-
formed twice by a typical Needleman-Wunsch algorithm. 
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The first matrix is generated by starting the transformation 
from the N-terminal corner; the second results from a begin-
ning at the C-terminal corner. The two transformed matrices 
are added element by element where resulting high valued 
traces without suboptimal alternatives indicate the reliably 
aligned spans for the two sequences compared. 

Calculation of dotmatrices is a widespread tool in the search 
for sequence similarities. When sequences are distant, even 
this approach may fail to point out common regions. If sev-
eral plots calculated between all possible member pairs in a 
sequence set consistently displayed a similarity, this would 
increase its credibility. An algorithm has been developed 
to delineate with facility dotplot agreement. Given three 
dotmatrices resulting from all pairwise comparisons of three 
sequences, any two can be matrix-multiplied to generate 
the third which is then overlaid with the corresponding 
observed matrix and common non-zero values maintained. 
The process can be repeated for each pair of dotplots. The 
filtered matrices are then consistent and allow identification 
of common patterns and reliably aligned regions in the set 
of distantly related proteins. If more than three sequences 
are compared, the procedure is repeated and cycled for 
all possible sets of three until convergence is reached. 
The algorithm finds motifs independent of input sequence 
lengths and reduces the dependence on gap penalties. 
When sequences share higher similarity, the same ap-
proach converts to a multiple sequence alignment procedure 
where the similar motifs act as anchor regions in the multiple 
alignments. The sequence spans flanked by anchors can 
then be aligned by more conventional techniques. 

Aligned sequences from the same family (e.g. the 
haemoglobins) are seldom representative of the entire fam-
ily. The sequence databases are heavily skewed toward a 
small number of organisms and only a minute fraction of 
all the different family members have been sequenced. For 
many applications such as the use of multiple sequence 
alignments or profiles to perform database searches for 
distantly related family members, unequal representation 



Table 3 

Error rates (N/E)· for various sequence 

comparison techniques and protein examples 

Method Globin Kinase Protease Cytochrome c Immunoglobulin 

Sensitive 150/3 150/3 100/1 150142 150/8 

PAM250 150/63 150/4 100/8 150/45 150/8 

BLAST 150/114 150/11 100/9 150/45 150/11 

FASTA(2) 150/130 150/11 100/9 150147 150/32 

PROFILEPEP 150/33 150/13 100/9 150/50 150/38 

• N is the number of top ranking scores and E (errors) is the number of sequences (within the N entries) identified incorrectly 
as members of the particular family. 

requires correction. An algorithm was developed to find 
appropriate weights associated with each sequence. The 
weights are based on the Voronoi volume occupied by a 
given sequence in the space of all sequences. New se-
quences are generated from information contained in known 
ones such that the sequence space is properly populated 
before weights are determined. The technique represents 
a considerable improvement over existing methods, both in 
results and algorithm ease. 

Transputers and amino-acid sequence comparisons 

A computer program has been written for a Macintosh II per-
sonal computer interfaced to 20 transputers which allows the 
comparison of a protein sequence with average length to all 
those in the SWISSPROT database by a sensitive technique 
designed to detect very distant relationships (see details 
in the 1985 Research Reports). The parallel processing 
device exhibited calculational speed equal to that of 20 VAX 
8650's. The sensitive method could now be compared with 
other often used techniques for sequence alignment. Table 3 
shows the (N/E) evaluation for each of the methods and for 
five protein examples. N is the number of sequences with 
top ranking scores while E is the number of misidentified 
family members (errors) amongst the N entries. In each 
case one query sequence was taken from the family and 
used for the search. The methods tested were sensitive; 
FASTA (k-tup=2); BLAST; PAM250 (database search based 
on Smith-Waterman dynamic programming and the classic 
Dayhoff residue substitution weights); and PROFILEPEP (a 
Smith-Waterman search using the default residue-exchange 
scoring matrix in the GCG program package). It is clear that 
the sensitive procedure provides the best results, albeit with 
large processing demands. 

Searching databases 

An interactive, user-friendly program (SCRUTINEER) has 
been previously designed and developed to search for mo-

tifs, patterns, and profiles in protein amino-acid sequence 
databases. Its basic capabilities are discussed in the 1989 
Research Reports. It has proven quite popular with nearly 
100 international requests thus far. Three new features have 
been added to the original algorithm. On VAX computers, the 
entire amino-acid sequence database can be mapped into 
virtual memory for searching purposes in a few seconds. 
All the PROSITE patterns, a collection of over 300 different 
sequence motifs and consensus rules, can now be auto-
matically searched in a query sequence. Finally the user 
may also add PROSITE-type patterns for additional search-
ing. Attempts are underway to modify the SCRUTINEER 
program to search for DNA and RNA sequence motifs. 
The problems lie in handling the order-of-magnitude larger 
nucleotide sequence database and in adding new options 
to devise nucleotide patterns as hairpins or palindromes. 
It is expected that the challenge will be met, especially by 
successive mapping of the partial data. 

A system (SRS) has been developed for retrieving sets 
of sequences from the three nucleotide sequence libraries: 
EMBL, SWISSPROT, and GenBank. As selection criterion, 
any word of most data fields in the sequence annotation can 
be used. The system also allows retrieval of single sequence 
features using the information in the feature tables. The 
response time for creating sequence sets is in most cases 
less than one second and created sets can be combined 
by set operators OR, AND, and NOT. At present, SRS 
is being enabled to read any sequence annotation format 
using a flexible format-definition language. The speed of 
building and updating the internal database is also being 
greatly enhanced. In the future other "derived" libraries 
such as PROSITE or EPD (Eukaryotic Promotor Database) 
will be integrated in such a way that cross-references can 
be conveniently traced from derived libraries to sequence 
libraries or vice versa. 

In collaboration with Thomas Dandekar of EMBL an attempt 
was made to identify putative trans-splicing sites in the 
EMBL DNA database. A canonical structure was derived 
from six known structures and specific features were noted 
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as base pairing and occurrences of particular nucleotides 
at given locations. A computer program was then written 
to perform the search. Control experiments suggested that, 
while a significant number of false positives were found 
and some known true positives were not identified correctly, 
many of the predicted sites were most likely genuine. Since 
trans-splicing would appear more widespread than was 
previously thought, the trans-splicing reaction is not a good 
target for novel drug therapies. The results also imply that 
trans-splicing is quite primitive. 

Merging protein sequence and structural databases 

A considerable gap exists between the huge number of 
known protein sequences (over 28000) and the relatively 
small number of known and unique protein tertiary archi-
tectures (about 150). This difference is expected to widen 
even further in the future. To bridge this gap, a database 
has been created that should extend the available structural 
information. All sequences of proteins with similar tertiary 
folds (e.g. TIM j3-barrels) were multiply aligned into fam-
ily sets by superposition of the corresponding main-chain 
atoms. Sequences with very low homology and distant 
evolutionary relationships could be matched in this way. 
Reinhard Schneider in the group of Chris Sander at EMBL 
has produced HSSP data files where all sequences in 
the large primary structural databases have been aligned 
with each of the sequences, taken only one at a time, 
from the known tertiary structures. Sequences at least 50% 
homologous in residue identity were taken from the HSSP 
files and correspondingly aligned to the structurally super-
posed sequence families. The 50% threshold assures that 
secondary structures and folds are generally maintained 
throughout all the matched sequences. This collection of 
structural and sequence alignments considerably extends 
the information available regarding residue substitutions in 
a tertiary environment. An analysis of the characteristics of 
insertions and deletions is presently underway. 

"Safe" site-directed mutagenesis 

The conserved topological structure observed in various 
molecular families such as globins or cytochrome c's allows 
structural equivalencing of residues in every homologous 
structure and defines in a coherent way a global alignment 
in each sequence family. A search was performed for equiv-
alent residue pairs in various topological families that were 
buried in protein cores or exposed at the protein surface and 
that had shown mutation but maintained similar unmutated 
environments. Amino-acids with atoms in contact with the 
mutated residue pairs defined the environment. Matrices 
of preferred amino-acid exchanges were then constructed 
and preferred or avoided amino-acid substitutions deduced. 
Given the conserved atomic neighbourhoods, such natu-
ral in vivo substitutions are subject to similar constraints 
as pOint mutations performed in site-directed mutagene-
sis experiments. The exchange matrices should provide 
guidelines for "safe" amino-acid substitutions least likely to 
disturb the protein structure, either locally or in its over-
all folding pathway, and most likely to allow probing of 
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the structural and functional significance of the substituted 
site. 

Principles of protein folding 

A method has been developed to detect dense clusters of 
residue side-chains in proteins, where contact is based upon 
the percentage of the maximum possible for a given residue 
type. The clusters represent protein sites with the highest 
degree of interaction amongst their member residues, while 
contacts with the environment surrounding the cluster are 
lower in number. The method has been applied to three 
distinct structural sets of proteins to check for consistency: 
mixed a-helical/j3-sheet proteins, all-j3 strand proteins, and 
all-a helical proteins. A number of cluster features gener-
ated from these sets are of general interest for protein fold-
ing. (1) A majority of the clusters, comprising 3-4 residues 
on average, are localized near the protein surfaces and not 
within the protein cores. (2) The clusters have preferences 
for the N- and C-terminal ends of a-helices and j3-strands 
in a/j3 and a proteins while j3 proteins utilize the middle-
strand regions more often. A number of clusters connect 
three or more j3-strands and/or a-helices. (3) More than 
half of the clusters display residue pairs with oppositely 
charged atoms within 4.5 A of each other. (4) The residue 
composition of the clusters does not show correlation with 
hydrophobicity measures but rather with side-chain volume 
and surface. The highly preferred cluster residues are (in 
order of decreasing preference) Trp, His, Arg, Tyr, Glu, Gin, 
and Phe. Clusters with extensive internal contacts in related 
haemoglobin and immunoglobulin tertiary structures show 
respective conservation. Several examples illustrate "strate-
gic" folding positions in proteins which often bring together 
a number of sheets and/or helices, suggesting a folding 
model in which largely reformed secondary structures are 
joined together in a cluster-induced collapse. Alternatively, 
the clusters may form at some stage in the folding process 
to reduce considerably the searchable conformational space 
and help maintain the proper folding pathway. The clusters 
also provide hints for site-directed mutagenesis and protein 
engineering experiments as they may be important for struc-
tural stability. 

A new study has been initiated to examine cavities within a 
folded protein (intra) as well as those sandwiched between 
domains and subunits (inter). It will be of interest to contrast 
the intra- and intercavities relative to composition, size, 
shape, environment, and the like which should provide 
insight into the energetic stability of protein molecules and 
involvement of their interfaces in folding. 

Protein tertiary structure modelling 

A previous interest in modelling DNA-binding domains from 
transcriptional regulatory proteins has been continued and 
expanded. A very positive feature of 1990 has been the 
burgeoning collaboration with experimental groups in which 
models were used as guides to experimentation or were 
subjected to direct tests by either NMR or site-directed muta-
genesis. Three examples are noteworthy. (1) Earlier work on 



modelling the structure of the 30 residue zinc finger motifs 
(see Research Reports 1987) allowed the prediction of the 
number and location of base-specific residues. The group of 
Patrick Charnay (formerly at EMBL) used these predictions 
as a guide to search by mutagenesis for base-specific 
residues in the 3-finger Krox20 protein. Two residue posi-
tions were identified which together could convert discrimi-
nation for a G:C basepair to a C:G basepair. The data, which 
are the first to address base-specificity in a finger protein, 
also showed that each finger spanned 3 basepairs of DNA 
as well as orienting Krox20 on its binding site. The insights 
from this work are of general significance for the zinc finger 
protein family. (2) A joint modelling and mutagenesis project 
undertaken in collaboration with Jonathan Frampton and 
Thomas Graf of EMBL has lead to a model structure for 
the 53 basepair thrice-repeated DNA-binding domain of the 
Myb oncogene. The computer modelling took advantage of 
weak but convincing similarity to the homeodomain family, 
for which two structures are known. Using this similarity 
as a guide, a three-helix structure was built by computer 
graphics and constrained distance geometry. The model 
satisfies a number of criteria expected of a protein structure. 
The domain has been subjected to extensive mutagenesis 
and the results are consistent with the model. For example, 
predicted core residues were sensitive to substitution while 
exposed residues were not. The model can correctly span 
the known Myb binding site and can present four residues to 
interact with DNA bases, currently the focus of investigation. 
(3) Modelling was used in a subsidiary role in a collaborative 
project to elucidate the structure of a third class of DNA-
binding domain, the dimeric leucine zipper. A 61-residue 
synthetic peptide encompassing the GCN4 DNA-binding 
domain (produced by Heinrich Gausepohl and Rainer Frank, 
formerly of EMBL) possessed DNA-binding activity and was 
used for two-dimensional NMR studies by Annalisa Pastore 
(EMBL) and V. Saudek (Merrell Dow, Strasbourg). This 
work has yielded a good picture of the monomer structure 
which is essentially a single continuous helix, floppy in the 
N-terminal basic region but packed and rigid in the leucine 
zipper subdomain. The NMR data cannot provide the dimer 
structure due to the perfect dimer symmetry. Nevertheless, 
logical arguments dictate that the helices are packed in 
parallel and the structure was successfully modelled as a 
coiled-coil. This work confirmed the general features of the 
leucine zipper model as well as providing the first data on 
the structure of the complete DNA-binding domain which 
includes the basic region. 

Research is also underway to build a tertiary model of the 
AIDS virus nucleocore protein p24. A sequence homology 
between the p24 sequence and those of picornaviral capsid 
proteins with determined three-dimensional structure has 
been proposed. The picornaviral proteins, along with others 
for a total of about 15 structures, display the "jelly roll" 
topology, visualized as a single, long hairpin loop which 
coils or rolls up in a helical manner to form two antiparallel 
,B-sheets, each of four strands sandwiched together. In 
order to build the p24 model, constraints from all the known 
structures must be delineated. Careful superposition of the 
hydrogen bond patterns has been performed to determine 
equivalent sites in the known folds. Sequence conserva-
tion, geometric constraints, common packing environments 

of core residues, and the like will then be investigated, 
hopefully providing rules with which to model the p24. 

An existing computer program (BKS) has been refined to 
provide a better environment for automatic homology mod-
elling. The BKS method allows modelling of one or several 
arbitrarily fixed molecules in internal coordinate space (e.g. 
torsion angles). The number of variables may be reduced 
by a factor of ten compared to conventional techniques 
which use cartesian coordinate space. Fast analytical partial 
derivatives of various terms including all energy terms, "soft 
atoms", tethering potential, distance- and variable-restraints 
allow efficient optimization. The methodology was applied 
to tumour necrosis factor (TNF) protein, consisting of 157 
residues and displaying the jelly roll topology. An efficient 
regularization procedure (building structure with standard 
geometry closest to the given set of "tethering" points) was 
developed. The TNF structure was regularized with rms 
deviation of 0.57 A from the crystallographic structure. A 
procedure for folding TNF from an extended conformation 
using distance constraints was also tested. A variable tar-
get function was modified to allow finer steps and various 
parameters were optimized. The TNF structure was folded 
using 2880 distance restraints defined as upper bounds, 
resulting in an rms deviation of 1.9 A. Monte Carlo min-
imization and systematic search are under development 
for hydrogen and sidechain placement in homology mod-
elling. 
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Analysis of protein structures and NMR structure determination 

Group leader: A.M. Lesk* 

Scientists: A. Pastore, A. Tramontano* 

Fellows: M.A. Castiglione-Morelli* 

Assistant: R. Schnobel 

During the past year the group has been in transition; 
we have continued the attempt to understand how amino-
acid sequences of proteins determine their conformations. 
However, as nuclear magnetic resonance (NMR) has grown 
in importance as a tool for structure determination - in some 
ways complementary to x-ray crystallography, particularly 
with respect to dynamics - members of the group have 
undertaken projects both in structure determination by NMR 
and in the theoretical analysis of the methods and results. 
The question of what NMR results tell us about protein 
structure, and vice versa, will be addressed. 

Activities during 1990 have included projects on: 

(1) Analysis of the relationships between very distantly-
related protein structures, to understand the mecha-
nism of protein evolution when constraints arising from 
conservation of function are removed. In a detailed 
comparison of the antenna pigment phycocyanin with 
the globins, we concluded that there is a genuine but 
very distant evolutionary relationship. 

(2) Understanding the structural determinants of antigen-
binding sites of immunoglobulins. We understand what 
determines the conformations of most antigen-binding 
loops and can generally identify the correct confor-
mation of a loop from the amino-acid sequence of 
an immunoglobulin. The role of particular framework 
residues in influencing the conformation of antigen-
binding sites has been clarified. Comparisons of our 
predictions with crystal structures show that we can 
predict, with reasonably consistent success, the con-
formations of five of the six hypervariable loops. 

(3) Structure determination of polypeptides by NMR tech-
niques and distance geometry calculations. 
(a) DNA-binding domains: the basic region and the 

leucine zipper of the yeast transcriptional acti-
vator GCN4; and the dimerization domain from 
liver factor-B1 (LFB-1), the major determinant of 
hepatocyte-specific expression of many genes. 

(b) Tertiary structure determination of the C01 E1 Rop 
protein. 

(c) Small biologically active cyclic peptides: cyclolino-
peptide A and vancomycin. 

(4) Analysis of structural and dynamic features of proteins 
derivable from NMR measurements. 

Comparison of the structures of globins 
and phycocyanins: evidence for evolutionary 
relationship (A. Pastore & A.M. Lesk) 

Globins and phycocyanins are two classes of proteins with 
different function, different ligands and no significant se-
quence similarity, yet the conformations of their polypeptide 
chains show very similar folding patterns. This similarity 
could either arise from a genuine, albeit very distant, evo-
lutionary relationship, or it could represent only a common 
solution of a structural problem. 

To address this question we performed a detailed com-
parison of the structures of the two protein families. On 
the basis of a structure alignment, an analysis of the he-
lices and their interactions shows many features common 
to globins and phycocyan ins, including some exceptional 
features of the globins such as a 3-10 C helix and the 
unusual "crossed-ridge" packing pattern at the B/E helix 
interfaces. 

We conclude that our results support the idea that the 
globins and phycocyan ins are distantly-related members 
of a common family of proteins and that the very large 
differences between them are the result of divergent evo-
lution from a common ancestor, under conditions where 
constraints arising from conservation of function are relaxed. 

The antigen-binding sites of immunoglobulins 
(A. Tramontano, C. Chothia & A.M. Lesk) 

In 1990 we continued our analysis of the relationship be-
tween sequence and structure in immunoglobulins. Our 
results have applications to the prediction of the structures 
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of the antigen-binding sites of antibodies and guiding work 
in engineering changes in them. 

Immunoglobulins are formed by a conserved framework and 
six hypervariable loops that cluster in space to form the 
antigen-binding site. The framework structure was thought 
to playa passive role in the structural variations that occur 
in the antigen-binding site, which give rise to the high range 
of specificity achieved by antibodies. However, it emerged 
from our analysis of the determinants of conformations of 
medium-sized loops (described in last year's report) that 
an amino-acid in the framework of the heavy chain is re-
sponsible for the conformation and position of the second 
hypervariable loop in the heavy chain (H2). H2 is a short 
hairpin (a loop connecting successive antiparallel strands in 
the same ,B-sheet). 

The conformations of short hairpins have been extensively 
studied and a set of rules to determine their conformation 
from their sequence proposed. The H2 loop in certain im-
munoglobulin structures is a clear exception to these rules. 
The conformation and position of H2 are correlated with the 
amino-acid in position 71 of the heavy chain framework. 
We are now able to predict when and how the interactions 
of the loop with the framework override the predisposition 
of its sequence pattern. This has allowed us to improve 
our procedure for predicting unknown immunoglobulin struc-
tures. 

We have tested our ideas by predicting the conformations 
of antigen-binding regions of immunoglobulins before their 
crystal structures are determined. 

We have implemented an automatic computer procedure 
that builds an atomic model of an immunoglobulin of un-
known structure from its sequence, based on the sequences 
and structures of known immunoglobulins. The objectivity of 
the procedure frees us from the requirement of recording 
our model before the x-ray determination of the structure 
is finished. Having a procedure that can build the model 
using different input data and/or different rules simplifies 
the unbiased testing of our ideas on the determinants of 
immunoglobulin structures. 

Structure determination of polypeptides by NMR 
techniques and distance geometry calculations 

A major current interest is the determination of the structures 
of small proteins with biological activity, and the critical de-
velopment of computational methods to translate the NMR 
information into a three-dimensional structure. During the 
last year, the following projects have been carried out: 

DNA-binding domains 

One of the most fascinating questions in molecular biology 
is how gene expression can be regulated by proteins that 
bind to specific sites on DNA. Transcriptional regulators 
are a family often containing well defined and independent 
domains of a suitable size for NMR studies. In the last 
year, two collaborations to study DNA-binding domains have 
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been started: the leucine zipper domain and the dimerization 
domain from LFB-1. 

The solution structure of leucine zipper 
DNA-binding domains (A. Pastore in 
collaboration with R. Frank, T. Gibson, 
P. Rosch (MPI) & V. Saudek (Merrell Dow)) 

A family of eukaryotic transcriptional activator DNA-binding 
proteins, identified on the basis of amino-acid sequence 
conservation, contains two contiguous regions (Landschulz 
et al., 1988). One, the "leucine zipper", characterized by 
a leucine every seven residues, dimerizes and positions 
the "basic region", so that it can interact specifically with 
DNA. This interaction modulates gene transcription. Several 
models have been suggested for the leucine zipper region 
structure and for the interactions with DNA of the whole 
domain. 

In collaboration with Rainer Frank's group at the EMBL and 
V. Saudek at Merrell Dow Research Institute, the structure 
of a 61-residue synthetic peptide containing both the basic 
region and the leucine zipper of the yeast transcriptional 
activator GCN4 (residues 220-280) was solved. Two more 
synthetic peptides with the sequence of the isolated two 
domains were also studied. 

The structure in solution of the leucine zipper domain was 
obtained by 1 H NMR studies and distance geometry calcu-
lations followed by restrained energy minimization. A set of 
20 final structures was obtained with an average root-mean-
square deviation of 1.3 A for the backbone atoms (excluding 
the first and the last two residues). The structure contains an 
uninterrupted helix. A comparison with a structure previously 
determined for the peptide containing both the DNA-binding 
region (basic region) and the leucine zipper motif shows the 
structural independence of the leucine zipper domain from 
the contiguous DNA-binding region. 

According to the information inferred from the NMR param-
eters (¢ and 'Ij; angles, short distances, hydrogen bonds) 
most of the peptide is helical with the leucine zipper region 
forming a long, uninterrupted helix. Our data could help us to 
distinguish among previous hypotheses on the structure of 
this peptide and its arrangement in the dimer. The structure 
of the basic region in the absence of DNA appears as 
a mobile flexible segment folded into a loose helix. The 
helical stability increases upon addition of trifluoroethanol 
and/or lowering the temperature. Our studies suggest the 
formation of an uninterrupted helix spanning both domains 
upon DNA-binding. 

The structure of a myosin-like dimeric peptide 
from the transcriptional activator LFB1 
(A. Pastore, R. De Francesco, 
M.A. Castiglione-Morelli & R. Cortese) 

The liver factor-B1 (LFB-1) binds as a dimer to a palin-
dromic consensus sequence and is the major determinant of 
hepatocyte-specific expression of many genes. The region 
of LFB-1 necessary for DNA-binding is characterised by 
three different domains responsible for transcriptional ac-



tivation, DNA-binding and dimerization respectively. 

We have started the structure determination of the dimerisa-
tion domain of LFB1 in solution by NMR. A 32 amino-acid 
peptide was synthesized and full assignment of the NMR 
resonances in acidic solution was achieved. Because of 
the amphipathic character of the peptide and the presence 
of bulky hydrophobic residues repeated at every seventh 
position, the peptide was suggested to fold in a coiled-coil 
structure. The secondary structure determination showed 
instead three structurally distinct regions. The N-terminal 
region from residues 1 to 6 is extended. Two helical regions 
span from residues 7 to 18 and from 23 to 32. The absence 
of dipolar effects involving residues more than four positions 
apart in the sequence excludes the possibilities both of a 
four helix bundle formed by two hairpins and of an antipar-
allel dimer; the domain must therefore be arranged as a par-
allel dimer formed by kinked monomers. This structural so-
lution presents important differences from the leucine-zipper 
type structure observed in other transcriptional activators. 

Tertiary structure determination of the Co1E1 
Rop protein (A. Pastore, W. Eberle & P. Rosch) 

C01 E1 Rop is a small dimeric protein (63 residues) which 
controls plasmid replication by regulation of RNA-RNA inter-
actions. The Rop dimer is a tightly packed four-helix bundle. 
Included in a larger project oriented to the study of Rop 
stability under mutation, the Rop structure in solution has 
been determined by NMR. Very good quality NMR data 
are available for the wild-type Rop and could be translated 
into distance information. The solution structure of Rop was 
determined by NMR by distance geometry and restrained 
molecular dynamics methods. The results from both pro-
grams could be compared and shown to be very similar to 
the structure previously determined by crystallography. 

Conformational study of small cyclic non 
standard peptides: cyclolino-peptide and 
vancomycin (M.A. Castiglione-Morelli, H. Molinari 
& A. Pastore) 

The conformations of two small peptides with biological 
activity, cyclolinopeptide A, a cyclic nonapeptide with cy-
toprotective activity, and the antibiotic vancomycin, were 
determined by NMR and molecular dynamics methods. 

Structural and dynamic properties of both peptides were 
investigated and compared with those experimentally de-
termined. 

NMR observables (A. Pastore, 
MA Castiglione-Morelli & V. Saudek) 

NMR parameters directly obtained from the spectra, such as 
the chemical shift of each proton and the distribution of the 
distance information may be correlated with structural and/or 
dynamic features. We studied the correlation between the 
difference between the position of each proton in the 1 H 
NMR spectrum of a protein and the same quantity in a ran-
dom conformation with secondary structure elements. We 
are now attempting a similar analysis of the relation between 

the amount and the distribution of the NOE information and 
the protein mobility in solution. 

Software development for analysis of protein 
sequences and structures (R. Schnobel) 

Projects include the maintenance of a small data base of 
the solved protein structures, the development of graphics 
software for SUN workstations, and the development now in 
progress of a program system to correlate aligned protein 
sequences with three-dimensional structures. 

A small database of the solved protein structures 

A small database is maintained by extracting selected in-
formation from the headers of files of the protein data 
bank. Some 11 parameters have been chosen to describe 
the proteins tersely, including function, source, number of 
residues, name of macromolecule, resolution, and method 
of refinement of the structure analysis. A retrieval program 
answers basic queries in the directory and the text body. It 
runs under VMS and UNIX. The data file and program are 
tailored to meet the needs for a quick survey, as in choosing 
a structure or set of structures for detailed analysis. 

Colour listings of tabulations of aligned 
protein sequences 

The graphics of a modern workstation can generate not only 
colour images, but also colour text. This facility is applied to 
the sequence of residues in proteins. Distinguishing classes 
of amino-acids by colour facilitates homology comparison. A 
computer program for the colour tabulation of aligned protein 
sequences is available on the SUN-3 workstations. It lists 
the sequences and provides keys for horizontal scrolling. 
Screen dumps can be routed to a TEKTRONIX colour 
printer. 

Combined and linked display of protein sequences 
and three-dimensional structures 

The display of the a-Carbon chain of a protein as a stick 
model in stereo, which may be rotated and scaled by 
moving the mouse, is combined with a colour display of 
the sequence. Both displays are linked so that the user 
may pick a residue in either view and the same residue 
is highlighted in the other representation simultaneously. 
The coupling is so tight that the user may drag the cursor 
around the sequence and watch its trace in the folded 
protein. Alternatively, a range of residues in the stick 
model and in the sequence display may be marked. The 
marked segments are preserved during viewing transforma-
tions. 
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Gene Expression Programme 

Introduction 

Each stage in the process of eukaryotic gene expression, 
transcription, RNA processing, RNA transport and transla-
tion 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. By and large this 
means developing and then dissecting in vitro systems 
in which cellular events are faithfully reproduced. In spite 
of the apparent diversity, the research in the Programme 
has crystallized around two major topics. The first is the 
function of various transcription factors, the second the role 
of ribonucleoproteins in gene expression. 

The recent molecular cloning of a variety of transcription 
factors in laboratories around the world has provided tools 
which in turn have enabled major new insights into the 
control mechanisms involved in processes such as differ-
entiation, development and the response to extracellular 
signals. The Programme has actively participated in this 
progress, with the cloning of factors involved in liver and 
thyroid differentation and the analysis of members of the 
steroid/retinoic acid receptor superfamily. These proteins 
exemplify some of the newly-discovered characteristics of 
transcription factors such as the ability to respond to extra-
cellular signals, the generation of additional regulatory diver-
sity through the formation of homo- or heterodimers, com-
plex spatial and temporal patterns of expression suggesting 
involvement in multiple regulatory processes, et cetera. On 
a more mechanistic level studies of basic transcription in 
vaccinia virus and of polymerase choice in U snRNA promot-

ers has continued. Structural studies of both DNA and RNA 
binding proteins have led to the identification of domains, 
often conserved in families of related proteins, responsible 
for specific interaction with nucleic acids. Several of these 
projects have led to the overproduction of protein fragments 
for detailed study in collaboration with members of the 
Biological Structures Programme. 

Ribonucleoproteins (RNPs) play roles in an enormous di-
versity of cellular events. The development of new technol-
ogy to study RNPs, based on the use of oligonucleotides 
of synthetic RNA and DNA analogs 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 and polyadeny-
lation of pre-messenger RNAs as well as in the removal 
of the transcribed spacers from the pre-ribosomal RNA 
and its maturation to the mature rRNA species are all 
active areas of current interest. Finally the involvement of 
RNPs in translation and export of proteins in both pro-
and eukaryotes have been studied by groups in the Pro-
gramme. 

All of these activities have been somewhat disrupted this 
year by the departure of Riccardo Cortese and his group. 
Riccardo, who was responsible for forming the Programme 
and leading it for its first five years, earned our respect and 
thanks. We will miss him, but hope to maintain the high 
standard that he set. The first step, the choice of new group 
leaders, occupied much of the year, and next year will see 
the arrival of several new faces. 
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Gene expression 

Group leader: R. Cortese* 

Scientists: V. De Simone, P. Monaci, A. Nicosia 
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Visitors: G. Arpaia*, F. Mancini*, M. Nuzzo, R. Tafi* 

Assistants: L. De Magistris, S. Staempfli*, P. Stevenson* 

Previous work on liver-specific gene expression has led 
to the identification of cis-acting elements and trans-acting 
factors that are responsible for specific and maximal tran-
scription of genes in the hepatocyte. During 1990 our group 
has continued the biochemical characterization and genetic 
manipulation of several transcriptional factors. 

Correlation of the structure and 
the function of LF-B1 

Last year we reported the cloning of LF-B1, a novel tran-
scription factor involved in the regulation of transcription 
of several liver-specific genes. Its sequence revealed the 
presence of an unusual homeodomain. This year we have 
investigated in detail the correlation between structure and 
function of this molecule. Using a variety of assays we 
have identified several domains responsible for the various 
functions of LF-B1. 

The extreme amino-terminal part of the molecule contains a 
dimerization domain. The properties of this domain have 
been investigated both by site-directed mutagenesis and 
by structural analysis using two-dimensional NMR (in col-
laboration with Annalisa Pastore of the Biocomputing Pro-
gramme). Our studies rule out the simple coiled-coil model 
and instead strongly suggest that the dimerization domain 
of LF-B1 is a novel structure including coiled-coil segments 
separated by a bend (or kink). It is worth noticing that the 
dimerization domain of LF-B1 can be substituted by a variety 
of amino-acid sequences which are compatible with full 
activity of the protein: these include an artificial coiled-coil, 
leucine zippers, helix-loop-helix motif and even the four 
helix bundle of the Rop protein. These results suggest that 
the role of the dimerization domain of LF-B1 is most likely 
entropic. 

Immediately following the dimerization domain there is a 
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stretch of amino-acids which could be removed without 
impairment of the function. The DNA binding domain is 
composed of a POU-like segment and a homeodomain. The 
latter is unusual in that it can only be aligned with classi-
cal homeodomains if twenty amino-acids are conceptually 
looped out. Following this theoretical observation we have 
converted the extra-large (XL) homeodomain of LF-B1 into 
a canonical one by introducing a deletion of 19 amino-acids. 
The position of the extra amino-acids suggests that the 
HL-homeodomain differs from the canonical structure in 
that it has an additional helix. The molecular structure is 
being examined by x-ray crystallography (in collaboration 
with Dietrich Suck of the Biological Structures Programme) 
and by multi-dimensional NMR (in collaboration with Prof. 
Wuthrich of the ETH, Zurich). 

A careful comparison of the DNA binding affinity and speci-
ficity of various constructs indicate a role for each of the 
domains: the XL-homeodomain contributes to the capacity 
to bind DNA, but with low affinity and relaxed specificity. 
The presence of the POU domain does not increase the 
affinity but restricts the specificity to that of the intact LF-B 1 
molecule. Maximal activity however is obtained only in the 
presence of the dimerization domain. 

The remaining portion of the LF-B1 molecule, towards the 
carboxy terminus, contains two distinct regions playing a role 
in trans-activation. One of these trans-activation domains 
appears to be characterized by the presence of several 
proline residues, a feature already recognized in other tran-
scription factors. 

LF-B3 is a novel member of 
the XL-homeodomain family 

During the year we have also cloned LF-B3, a protein 
capable of binding the same DNA sequence recognized by 



LF-B1, but coded by a different gene, and mapping on a 
different chromosome. The structure of LF-B3 is very similar 
to that of LF-B1 in the region involved in DNA binding. LF-B3 
is capable of forming heterodimers with LF-B1, both in vivo 
and in vitro. The two molecules differ significantly in the 
carboxy-terminal region. Preliminary experiments indicate 
that the set of genes activated by LF-B3 are overlapping 
but not coincident with the set of genes activated by LF-B1. 

The role of LF-B1 and LF-B3 in 
liver-specific gene expression 

Work in many laboratories has led to the conclusion that 
the integrity of the LF-B1 binding site is necessary for 
efficient transcription of many liver-specific promoters. How-
ever, since LF-B1 and LF-B3 are present in several other 
cell types, we must conclude that their activity is not suf-
ficient to determine transcription of liver-specific genes. A 
similar situation has been found for many other putative 
tissue-specific trans-acting factors. The current idea is that 
transcription factors have a wider domain of expression than 
a single cell type: whenever different domains overlap, a 
unique combination of trans-acting factors is generated, 
which is characteristic of a cell type and which causes 
cell type-specific transcription. In this ideal transcriptional 
Venn diagram, the hepatocyte phenotype is the result of 
the intersection of the domains of expression of several 
transcription factors, including LF-B1 /HNF1, LF-B3, LF-A 1 
C/EBP IL6DBP/LAP, DBP and HNF3. For all of these factors 
a role in liver-specific transcription has been established or 
suggested. What might be their role in other cell types? 
In the case of C/EBP McKnight and co-workers have sug-
gested that it might regulate transcription of genes involved 
in energy metabolism. These genes are expressed in varous 
cell types which taken together represent the C/EBP expres-
sion domain. 

LF-B3 and LF-B1 are expressed in several tissues which 
are not related by an embryonic lineage or by topology. 
The only common feature of these tissues is to have a 
specialized epithelium, and in situ hybridization experiments 
show clearly that LF-B3 and LF-B1 are expressed in polar-
ized epithelia. Epithelial cells could then be the expression 
domain of LF-B3 and LF-B1. In these cells, specific proteins 
are present, for example cytokeratins, uvomorulin, cingulin, 
Laminin A. The coordinated expression of genes coding for 
these proteins might be the result of the implementation 
of an "epithelial" genetic program, in which both LF-B3 
and LF-B1 might be involved. Support for the notion of an 
"epithelial program" derives from the recent observation that 
the mutation crumbs in D.melanogaster specifically block 
the development of epithelial tissues. The role of LF-B3 
and/or LF-B1 in epithelial differentiation in mammalian cells 
will be the subject of further investigation. 

Regulation of transcription by IL-6 
and cloning of IL-6-0BP 

The expression of several liver-specific genes is also reg-
ulated by hormones and cytokines in various physiologi-

cal and pathological conditions. A well-characterized phe-
nomenon, the co-called acute-phase reponse, consists of 
alterations in the concentration of several plasma proteins 
during infection and as a reaction to the presence of in-
flammatory loci or to the development of certain forms of 
cancer. Different lines of evidence indicate that the major 
mediator of the acute-phase response is interleukin-6. The 
role of IL-6 has been studied in a variety of experimental 
systems. The most informative results were obtained using 
in vitro cultured hepatoma cell lines, which are able to 
respond to IL-6 by raising the rate of transcription of several 
acute-phase genes. 

In previous work, we have characterized cis-acting IL-6 
responsive elements (IL6-REs) present on the promoter 
of the human genes. We have also characterized a fam-
ily of proteins that bind to IL6-REs with identical speci-
ficity, yielding identical footprints. Following treatment of 
hepatoma cells with IL-6, we could detect a novel mem-
ber of this family participating in a DNA-protein complex 
of distinct mobility on polyacrylamide gels. We called this 
activity IL-6-dependent DNA binding protein (IL-6DBP). On 
the basis of this correlation, we proposed that the effect 
of IL-6 on the transcription of genes with promoters con-
taining IL-6REs might be mediated by the activation of 
IL-6DBP. 

We are interested in establishing the interplay between the 
constitutive mechanisms of liver-specific expression, involv-
ing the nuclear proteins LF-B1, LF-A 1, and C/EBP, and 
the interactions responsible for IL-6-dependent induction of 
transcription, involving IL-6DBP. During 1990 we took an 
important step in this direction with the identification of a 
novel gene coding for an IL-6RE binding protein, tentatively 
identified as IL-6DBP. This transcription factor contains a 
leucine zipper domain capable of forming heterodimers with 
the transcription factor C/EBP, raising the possibility that 
an interaction between these proteins might establish a link 
between liver-specific transcription and acute-phase induc-
tion. 

IL-6DBP cDNA is an IL-6-dependent transcriptional activator 
when transfected into Hep3B cells, and its DNA binding 
activity is also increased following treatment with IL-6 in 
the absence of protein synthesis. It is therefore likely that 
posttranslational modifications induced by IL-6 are involved 
in the activation of IL-6DBP. 

It is interesting that the in vitro synthesized full-length IL-
6DBP is about 10-fold less active in DNA binding than the 
truncated form containing the basic domain and the zipper 
region but missing the amino-terminal part of the molecule. 
This observation suggests that the amino-terminal part of 
the protein might exert an inhibitory effect on the DNA 
binding activity of the carboxy-terminal part. It could be 
speculated that the influence of the amino-terminal domain 
on the carboxy-terminal domain might be regulated by IL-
6 and that its deletion in vitro mimics the effect of IL-
6 in vivo. An IL-6-dependent modification of the amino-
terminal domain might neutralize its cis-acting inhibitory 
effect, generating a protein improved in its DNA binding 
activity and consequently in its trans-activating potential. 
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Functional analysis of mutant U snRNAs 

We have made use of an oocyte complementation assay 
that relies on the ability to destroy an endogenous U snRNA 
and to replace it by the transcripts of a mutant or wild-type 
gene to analyze U1, U4 and U6 snRNA function. In the case 
of U1, our data provide strong evidence for the involvement 
of all three U1-specific proteins, U1 70K, U1A and U1C, in 
the splicing process. This result contrasts with our previous 
finding that the U2-specific proteins, U2A' and U2B", seem 
to be dispensable for splicing. 

A large series of U4 and U6 mutants were analyzed, pro-
viding a detailed picture of functionally important regions 
of the molecules, which fall into various categories. Some 
sequences are required for U4/U6 snRNP assembly, either 
by direct base pairing or due to interaction with trans-
acting factors. Other sequences are not required for snRNP 
assembly, but are necessary for splicing, suggesting that 
they make contact with other components of the splicing 
machinery. Finally, surprisingly large parts of the RNAs, 
particularly of the highly conserved U6, are not required 
for splicing. These regions include sequences necessary for 
capping and translocation of U6 from the cytoplasm to the 
nucleus. 

RNA-protein interaction 

The two proteins, U1A and U2B", have been the focus 
of a concentrated effort aimed at understanding the struc-
tural basis of RNA binding specificity. These two proteins 
recognize similar RNA structures, hairpins with closely re-
lated sequences in their loops. Indeed, only two nucleotide 
changes are required to convert either of the RNAs into a 
substrate for the other protein. The minimal RNA binding 
segments of the two proteins, roughly 100 amino-acids 
long, are 73% identical. Although eight clustered amino-acid 
differences were defined as being major determinants of 
binding specificity, closer study revealed that most, if not all, 

of the differences between the two proteins had some effect 
on the specificity and affinity of RNA binding, suggesting 
that the conformations of the proteins and RNAs will fit 
each other closely over a relatively large binding surface. 
This may not be so surprising since the actual size of 
the loop region of the hairpin is probably similar to that 
of the proteinaceous RNA binding domain. One particularly 
intriguing aspect of this pair of proteins is that one, U1 A, 
is capable of specific RNA binding on its own, while the 
second, U2B", requires interaction with a second protein, 
U2A', to exhibit specific RNA binding. Given that these two 
proteins must have diverged from a common ancestor, this 
is quite unexpected. 

Nucleo-cytoplasmic transport of RNA 

During the year we returned to the study of an old problem, 
in fact the topic which stimulated our initial interest in the 
U snRNAs, that of nucleo-cytoplasmic transport of RNA. We 
were able to show that the trimethylguanosine cap structure 
characteristic of and unique to the RNA polymerase 11-
transcribed U snRNAs is a part of the signal targeting 
U1 snRNA to the cell nucleus. Further study of the role 
of other cap structures led to the discovery of a role for 
the monomethyl guanosine cap structure, the cap found on 
mRNAs, in export of RNA from the nucleus. U6 was found, 
on the other hand, to represent a class of RNAs which 
do not leave the nucleus after transcription. Present work 
is focused on attempts to identify protein mediators of the 
transport events. 

Transcription of U6 genes 

The unusual pol III transcription unit represented by 
U6 snRNA genes has continued to interest us. In particular 
the choice of RNA polymerase III, rather than polymerase 
II, by the promoter. This property turns out to have a 
complex molecular basis. Essentially all of the elements of 
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the promoter were found to have some role in polymerase 
choice. A major function in this process is played by the 
TATA-like element of the promoter. Although genetic evi-
dence suggests that the TAT A element acts differently in 
pol III and pol II transcription, our latest finding is that the 
pol II TATA-binding protein, TFIID, is required for the RNA 
polymerase III-mediated transcription of the U6 gene in vitro. 
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Nuclear receptors 

Ligand-induced trans-activation by nuclear receptors de-
pends on the simultaneous interaction of the receptor with 
specific cis-acting sequences, the responsive elements 
(REs), and components of the transcription machinery. The 
steroid/thyroid hormone and vitamin receptors belong to the 
superfamily of inducible transcription factors which are com-
posed of three distinct domains involved in ligand binding, 
protein-protein interaction (homo- or hetero-dimerisation), 
DNA binding and transcriptional activation (repression). The 
DNA binding domains can form a tertiary structure coordi-
nated by Zn, the "Zn-finger". The extensive homology in 
amino-acid sequence between the DNA-binding domains 
of the retinoic acid receptor (RAR) and thyroid hormone 
receptors (T3R) includes amino-acids which contact specific 
bases on the DNA. Consequently, the retinoic acid and 
thyroid hormone responsive elements (RAREs and T3REs, 
respectively) are very closely related and partially overlap-
ping. A central question, therefore, is how the specificity of 
target gene activation is maintained. We have performed 
a mutational analysis of the sequence requirements for 
binding and trans-activation by RAR and T3R. A high affinity 
T 3 RE has been identified in the third intron of the rat growth 
hormone gene and a natural RARE in the promoter of the 
human RAR-,B gene. A striking feature shared between 
these elements is the presence of two direct repeats of 
a related sequence (GGTCA in the T3RE and GTTCA in 
the RARE) reminiscent of hormone and vitamin responsive 
elements. Detailed analysis of the RARE revealed that the 
sequence composition, the orientation and the spacing be-
tween the two direct repeats are crucial for DNA-binding and 
trans-activation by RARs (a, ,B or 1'). T 3Rs are able to bind 
to the RARE in vitro albeit with much lower affinity compared 
to RARs. However, ligand-activated T3Rs are unable to 
trans-activate the RAR-,8 promoter in vivo. Similarly, the two 
direct repeats of the T 3RE can only mediate trans-activation 
by T 3Rs although RARs can bind to this cis-element in vitro. 
Trans-activation of the RAR-,B promoter is an early event 

in differentiation of embryonic carcinoma (EC) cells after 
exposure to RA. In the mutant P19 EC cell-line, RAC65, 
trans-activation of a transfected RAR-,B promoter (+ 124 
to -14) by RA depends on co-expression of a RAR (a, 
,8 or 1'). Co-expression of a RAR along with the human 
TATA-binding factor, TFIID, results in a synergistic trans-
activation of the RAR-,8 promoter in a strictly RA-dependent 
manner. Expression of TFIID alone does not result in an 
enhancement of the very low constitutive level of expression 
from the RAR-,8 promoter. The N-terminal domain of TFIID 
is required for the observed synergistic trans-activation. 
Surprisingly, synergism in trans-activation between TFIID 
and a ligand-activated RA receptor is abolished if the RARE 
is placed in a distal position with respect to the TATA box. 
It is conceivable that the transfected TFIID itself is sufficient 
to mediate trans-activation by ligand-activated RA receptor 
when the RARE is juxtaposed to the TATA box as in the 
RAR-,B promoter allowing direct interaction between the 
two proteins. These interactions cannot occur when the 
RARE is placed in a more distal position with respect to 
the TATA box as in the RARE-TK promoter. Whether TFIID 
or another protein in the TFIID complex directly interacts 
with ligand-activated RAR can only be answered by in vitro 
experiments in a reconstituted cell-free transcription system. 
Glucocorticoid receptor (GR) is regulated at an additional 
level: the receptor is complexed in the cytoplasm with the 
90 kDa heat-shock proteins (Hsp 90) in the absence of 
hormone and is translocated to the nucleus upon addition 
of hormone. Recently, it has been postulated that the inter-
action of GR with Hsp 90 is a pre-requisite for the activation 
of the receptor by ligand. We have set out to investigate 
the different steps required for the activation of GR and 
subsequent trans-activation of a target gene in vitro. GR ex-
pressed using vaccinia virus vectors is associated with Hsp 
90, able to bind hormone and translocated to the nucleus in 
response to dexamethasone. Preliminary data suggest that 
semi-purified GR added to a nuclear transcription extract 
results in the trans-activation of a GRE-TATA box containing 
promoter. 
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Phosphorylation of transcription factors 

A rapid and versatile mechanism to regulate trans-
activation is to govern the activity of transcription factors 
by post-translational modifications, such as phosphoryla-
tion/dephosphorylation. A prerequisite for the identification 
of phosphorylation sites is a rapid procedure for the purifi-
cation of the protein of interest. This can be achieved by 
histidine-tagging and subsequent purification of the protein 
on a Ni2+ -chelating column. We have adapted vaccinia virus 
vectors for this purpose and have expressed His-tagged 
transcription factors such as RAR-a, Jun and serum re-
sponse factor (SRF). We could show that the His-tagged 
SRF and Jun proteins are fully functional with respect to 
DNA binding and trans-activation in vitro. We have identified 
the site of phosphorylation by protein sequencing. Phos-
phorylated amino-acids will be mutated and the effect of 
the mutation on trans-activation will be investigated in vivo 
and/or in vitro. 

Regulation of vaccinia virus 
intermediate transcription 

Fractionation of cell-free extracts capable of· transcription 
of the intermediate class of vaccinia genes prepared from 
Hela cells infected with vaccinia virus yielded three distinct 
fractions which are necessary and sufficient for intermedi-
ate specific transcription: RNA polymerase, VITF-A and a 
VITF-B. VITF-B was shown to confer intermediate promoter 
specificity to an early-specific extract prepared from virus 
particles. A committed complex between VITF-B and the 
template can sequester capping enzyme and RNA poly-
merase into a pre-initiation complex. Surprisingly, VITF-B 
is able to melt the promoter at the site of transcription 
initiation. Open complex formation is stimulated by ATP. In 
contrast to prokaryotic and eukaryotic pol III transcription, 
promoter melting is independent of the presence of RNA 
polymerase. The VITF-A activity necessary for intermediate 
specific transcription appeared to co-purify with the viral cap-
ping enzyme. Capping enzyme consists of two polypeptides 
encoded by two vaccinia virus early genes. Co-expression 
of these polypeptides in E.coli yielded a capping enzyme 
complex capable of adding a G-cap structure to messenger 
RNA. E.coli expressed capping enzyme can functionally 
displace VITF-A in an in vitro transcription/reconstitution ex-
periment showing that VITF-A is capping enzyme. Capping 
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enzyme is required together with the vaccinia RNA poly-
merase and VITF-B for the formation of a stable transciption 
complex on the intermediate promoter. It has previously 
been shown that capping enzyme is also required for termi-
nation of vaccinia virus early transcripts. Neither the capping 
nor the termination activity of capping enzyme are required 
for intermediate transcription. 
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Thyroid-specific gene expression 
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Our group has been studying the molecular basis of differen-
tiation using the thyroid-specific expression of the thyroglob-
ulin and the thyroperoxidase genes as a model system. 
The identification of the signals that allow such specific 
expression should give us information on the primary events 
leading to the appearance of the differentiated thyroid cells. 
The thyroglobulin and the thyroperoxidase gene promoters 
contain binding sites for at least two thyroid-specific pro-
teins, TTF-1 and TTF-2. Mutations in the promoter that 
reduce binding of these two factors result in a decreased 
promoter activity, suggesting that both TTF-1 and TTF-2 
are responsible for full expression of these two promot-
ers. TTF-1 has been purified and its corresponding cDNA 
has been cloned. The functional features of TTF-1 and its 
expression during rat development show that it is directly 
involved in the expression of thyroid-specific genes and that 
the appearance of TTF-1 mRNA and protein represents a 
very early event in the differentiation of thyroid cells. 

TTF-1 is a transcriptional activator 

The introduction of TTF-1, by co-transfection of an expres-
sion vector containing the cloned TTF-1 cDNA, can rescue 
both thyroglobulin and thyroperoxidase promoter activity in 
cell lines otherwise unable to initiate transcription at these 
two promoters. This experiment has been performed both 
in non-thyroid cells and in Ki-Ras-transformed, dedifferen-
tiated, thyroid cell-lines. The ability to activate transcription 
depends on the integrity of the TTF-1 binding sites. The 
regions of TTF-1 required for trans-activation include its 
homeodomain and sequences located both at the amino and 
carboxy-terminus of the protein. No obvious similarity has 
been detected between the activation domains of TTF-1 and 
the ones present in other transcriptional activators, suggest-
ing that a novel activation domain is present in this protein. 
The experiment in Ki-Ras-transformed cells suggests that 
the Ki-Ras oncogene could regulate the expression of TTF-1 
in the process of transformation of thyroid cells. 

TTF-1 is an early marker for 
differentiation of thyroid cells 

The thyroid gland derives from a restricted number of cells of 
the primitive pharynx that, at day 9 of rat development, start 
to proliferate and migrate downward. We have shown (in 
collaboration with Domenico Lazzaro in Riccardo Cortese's 
group), by in situ hybridization and immunohistochemistry 
on rat embryo sections, that the TTF-1 mRNA and protein 
are already present at this stage, indicating that TTF-1 is a 
marker for the early events responsible for thyroid differen-
tiation. On the other hand, the thyroglobulin and thyroper-
oxidase mRNAs only appear at day 14 of rat development. 
The long time lag between the appearance of TTF-1 and 
of the two thyroid-specific mRNAs studied indicates that at 
least another step is necessary to obtain full expression of 
the thyroid-differentiated phenotype. The observation that 
TTF-1 is expressed in other areas of the rat embryo, i.e. the 
lung bud and some areas of the brain, where no transcription 
of thyroid-specific genes could be detected. also indicates 
that the presence of TTF-1 may be necessary but it is 
not sufficient to activate the transcription of thyroid-specific 
genes. The expression of TIF-1 in the endoderm-derived 
of epithelial cells of thyroid and lung and in ectodermally 
derived neurons raises the question of what are the signals 
that activate the transcription of the TTF-1 gene. The po-
sition of the thyroid and lung buds suggest that a common 
signal for transcription of TTF-1 in these two tissues could be 
related to their location in the anterior, median endoderm. To 
address these questions, the TTF-1 gene has been isolated 
and, in collaboration with Ulrich ROther's group, we will try to 
define the DNA regions responsible for such an expression 
in transgenic mice. 

The thyroperoxidase promoter 

The promoter for thyroid peroxidase is also exclusively 
expressed in differentiated thyroid cells. Interestingly, four 
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binding sites for TIF-1 have been identified also on this 
promoter. The relevance of the TIF-1 binding sites has 
been demonstrated by site-directed mutagenesis of the 
promoter. In addition, as described above, trans-activation 
of the thyroperoxidase promoter by TTF-1 in non-thyroid 
or dedifferentiated thyroid cells has been demonstrated. A 
detailed analysis of the thyroperoxidase promoter has been 
completed. A comparison of thyroglobulin and thyroperoxi-
dase promoters shows a remarkable similarity in the num-
ber and distribution of the binding sites of thyroid-specific 
factors(TIF-1 and TTF-2), while the ubiquitous factors seem 
to be different, which is consistent with the observation that 
these two promoters differ in strength and in the response 
to hormonal stimuli. 

TTF·1 belongs to a gene family whose 
members share a conserved homeodomain 

Low stringency hybridizations on Southern blots indicated 
that sequences related to the homeobox of TTF-1 exist in 
other mouse genes. Three such genes have been isolated 
and demonstrated to contain a homeobox very similar to 
the one present in TTF-1. The similarity in structure reflects 
a similarity in target sites, as the homeodomains encoded 
in the TIF-1 related genes display the same DNA binding 
specificity as TTF-1. The expression of one of these genes 
has been studied in detail and shown to be specific for areas 
of the brain similar to the ones where TTF-1 expression has 
been detected. 
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Structural requirements in the thyroglobulin 
molecule for thyroid hormone biosynthesis 
(In collaboration with Dr. L. Lamas, Departimento 
de Endocrinologia Experimental; Facoita di 
medicina autonoma di Madrid; Madrid, Spain) 

These studies have demonstrated that a fragment of thy-
roglobulin produced in E.coli is able to form thyroid hor-
mones at the same tyrosine residue used in vivo, on the 
entire molecule. 
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Structural and functional analyses of mammalian splicing complexes 

Group leader: A.I. Lamond 

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

Visitors: I. SUlston*, K. Weis* 

Assistants: U. Ryder, M-J. Sibbald 

The expression of most mammalian genes requires post-
transcriptional RNA processing to excise intervening se-
quences (introns) from nuclear mRNA precursors (pre-
mRNA). This form of RNA processing is termed "splicing" 
and involves assembly of the pre-mRNA into a highly com-
plex structure (termed a spliceosome) that is able to carry 
out the sequence-specific cleavage and ligation reactions 
characteristic of the splicing reaction. It is known from previ-
ous in vitro studies that the spliceosome is a large structure 
(50-60S), composed of multiple sub-units which assemble 
with pre-mRNA in an ordered pathway. Formation of an 
active spliceosome is thus preceded by the assembly of 
intermediate, pre-splicing complexes. The major sub-units of 
the spliceosome are small nuclear ribonuclear protein parti-
cles (snRNPs), in particular U1, U2, U4/6 and U5 snRNPs. 
Each of these RNP particles contains either one or two 
small RNAs (called U snRNAs) together with a specific 
set of proteins. In conjunction with additional, non-snRNP 
protein factors, snRNP particles bind to pre-mRNA at the 
respective 5' and 3' splice junctions, bring the 5' and 3' 
splice sites together and then catalyse precise excision of 
the intron. We are studying the structure and function of 
mammalian spliceosomes with the aim of characterising the 
components present in splicing complexes in more detail 
and of understanding the functional roles played by these 
components in the splicing mechanism. In the long term 
we hope that these studies will lead us to a description 
of mechanisms involved in regulating RNA splicing during 
the development and differentiation of mammalian organ-
isms. 

Further development of antisense 
oligonucleotide probes made of 2'-OAlkyl RNA 

In collaboration with the group led by Brian Sproat we have 
recently developed an antisense oligonucleotide approach 

with which to affinity purify and affinity deplete RNA and 
RNA/protein complexes. Initially, these antisense oligonu-
cleotides were made of 2'-OMe RNA. This is a derivative of 
normal RNA that is rendered highly resistant to nuclease 
degradation by virtue of ribose methylation at the 2' hy-
droxyl. Modified RNA oligonucleotides were made using 2'-
OMe RNA phosphoramidites synthesized in Brian Sproat's 
laboratory. RNA sequences hybridized to 2'-OMe RNA 
oligonucleotides are not substrates for RNase H, with the 
important corollary that stable hybrids can be formed in 
vitro in crude cellular extracts which contain high levels of 
endogenous RNase H activity (such as the HeLa nuclear 
extracts used for in vitro splicing studies). We exploited 
this property of stable hybrid formation to make snRNP-
specific 2'-OMe RNA probes which are complementary to 
targeted regions of snRNAs in snRNP particles. We have 
also made probes specific for intron and exon sequences 
of pre-mRNAs. More recently we have extended the scope 
and efficiency of this antisense technology in two main 
respects. First, a comparison of alternative 2'-OAlkyl groups 
on the ribose showed that replacing methyl with the three 
carbon allyl group produced oligonucleotides which retained 
the favourable properties of the 2'-OMe RNA while improv-
ing binding specificity to complementary RNA in nuclear 
extracts. A possible explanation for this improvement in 
specific binding is that the larger allyl group sterically hinders 
non-specific protein binding to the probes. The second main 
improvement in the antisense technology was the replace-
ment of adenine by 2-amino adenine at selected positions. 
The extra amino group in 2-amino adenine permits the for-
mation of three H-bond 2-aminoA-U base pairs, in contrast 
to the normal 2 H-bond A-U base pairs. This has proved 
extremely valuable in allowing the Tm of very short hybrids 
to be increased. The use of 2-aminoA proved essential for 
efficient affinity depletion of U5 snRNP in particular, where 
only a short region of the U5 snRNA is accessible for base 
pairing to antisense probes. 
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Antisense affinity depletion of snRNPs 

Using modified RNA oligonucleotides as snRNP-specific 
antisense probes we have developed a depletion strategy 
which allows the highly efficient and selective removal of 
individual snRNP particles from nuclear splicing extracts. 
Biotinylated oligonucleotides are allowed to bind to targeted 
snRNPs during the preparation of nuclear extract and then 
the extract is incubated with streptavidin-agarose to remove 
both free probe and oligo-snRNP complexes. In this way a 
highly selective removal of the targeted snRNP is achieved 
while leaving the concentrations of other species largely 
unchanged. Pre-mRNA splicing is inhibited in depleted ex-
tracts as the concentration of the depleted snRNP particle 
is made rate-limiting. This has now been done separately 
for each of the spliceosomal snRNP particles, U1, U2, 
U4/U6 and U5. The detailed analysis of these depleted 
extracts, to see how splicing is affected by the absence of 
different snRNP species, is currently proceeding and has 
uncovered new information concerning snRNP-snRNP and 
snRNP-pre-mRNA interactions which occur during spliceo-
some assembly. The availability of snRNP-depleted nuclear 
extracts also provides an excellent assay for studying the 
reassembly of functional snRNPs in vitro from purified RNA 
and protein components. 

In situ localisation of snRNPs using 
antisense oligonucleotides 

The specificty of binding of the antisense probes to indi-
vidual snRNPs has been used to analyse the distribution 
of snRNPs in the nuclei of mammalian cells. These experi-
ments were done together with Maria Carmo-Fonseca and 
Rainer Pepperkok. In situ studies were done with biotiny-
lated oligonucleotides made of both 2' -O-methyl and 2'-0-
allyl RNA and their sites of binding detected by secondary la-
belling with fluorochrome-coupled avidin. This has revealed 
the presence of discrete foci in mammalian nuclei which are 
highly enriched for U2, U5 and U4/U6 snRNPs. U1 snRNP 
and the non-snRNP splicing factor U2AF are also detected 
in these foci but in addition are widely distributed throughout 
the nucleoplasm, excluding nucleoli. Co-localisation stud-
ies show that the snRNP-containing nuclear foci are also 
stained by antibodies which recognise m3G-CAP structures 
and snRNP proteins. We have also been able to detect 
these foci in living cells by microinjecting antisense probes 
coupled directly to fluorochromes (rather than to biotin). 
We suspect that these structures correspond to nuclear 
organelles which are involved with some specific aspect of 
pre-mRNA processing in vivo. Experiments are in progress 
to try and determine exactly what function is performed by 
these foci. 
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Ribonucleoproteins in microorganisms 
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Ribosome synthesis in Saccharomyces cerevisiae 

The major part of the group's research in the past year 
has been the analysis of the function of the small nucleolar 
ribonucleoproteins (snoRNPs) in ribosome synthesis. In col-
laboration with the group of Ed Hurt (EMBL) we have been 
studying the function of the yeast snoRNP protein NOP1. 
This protein is highly homologous to the vertebrate nucle-
olar protein "fibrillarin"; alignment of NOP1 with human or 
Xenopus fibrillarin shows greater than 70% identity over the 
entire protein, indicating a very high evolutionary constraint 
on the structure of NOP1. This high degree of structural 
conservation is also matched by functional conservation. 
NOP1 is essential in yeast, but can be complemented 
by the expression of either human or Xenopus fibrillarin. 
This provides strong support for the notion that the basic 
mechanisms of ribosome synthesis are similar in yeast and 
vertebrates. 

To analyse the function of NOP1 itself, we have made use 
of a strain in which the NOP1 coding sequence is fused to 
the regulated GAL 10 promoter. Growth on glucose medium 
results in the depletion of NOP1 over several generations, 
during which cell growth is progressively impaired. NOP1 
depletion does not prevent the accumulation of the 7 snoR-
NAs tested including U3, although the levels of two species, 
U14 and snR190, decline. The snoRNAs synthesized in the 
absence of NOP1 retain tri-methyl guanosine cap struc-
tures. Sub-nuclear fractionation and immunocytochemistry 
indicate that they continue to be localized in the nucleolus. 
Surprisingly, it therefore appears that NOP1 is not required 
as a stoichiometric component of the snoRNPs for the 
synthesis, stability, cap formation or nucleolar transport of 
most snoRNAs. 

Pulse labelling of proteins shows that NOP1 depleted strains 
are greatly impaired in the production of cytoplasmic ribo-
somes, and they have a reduced level of rRNA. Northern 
hybridization and pulse/chase labelling of pre-rRNA show 
a progressive impairment of all pre-rRNA processing steps. 
The pathway leading to 18S rRNA is particularly affected. 
Methylation of pre-rRNA is concomitantly impaired and un-
methylated pre-rRNA accumulates and is not processed 

over long periods. Based on the observed pre-rRNA pro-
cessing defect, we believe that in the absence of NOP1 
the snoRNAs cannot perform their functions in pre-rRNA 
modification and processing. 

We wished to determine whether both pre-rRNA processing 
and methylation require the presence of NOP1 or whether 
the lack of processing in NOP1 depleted strains is due to the 
absence of methylation. To do this we analysed pre-rRNA 
processing in the presence of inhibitors of methylation and 
in strains auxotrophic for S-adenosyl-methionine (the methyl 
donor). In both cases only slight effects on processing 
were observed indicating that methylation is not required 
for processing. The clearest demonstration that this is so 
comes from the analysis of a temperature-sensitive allele, 
NOP1 IS3. At the non-permissive temperature such strains 
process pre-rRNA but are unable to perform the nucleolar 
methylation of pre-rRNA, although late, cytoplasmic methy-
lation appears to continue. This mutation has, therefore, 
uncoupled processing and methylation. Since such strains 
are TS for growth, we speculate that the unmethylated 
ribosomes do not function, and this is being tested. Analysis 
of suppressors of NOP1 1s3 may reveal which, if any, of the 
snoRNAs is involved in methylation. 

To understand better the functions of individual snoRNAs, 
we have started to map their sites of association with 
pre-rRNA by psoralen cross linking. In vitro experiments 
have mapped the U3 binding site to the external transcribed 
spacer region. Primer extension shows the cross-links in U3 
to lie near the 5' end in, and close to the box A region, the 
only region of high primary sequence conservation between 
human and yeast U3. We are currently mapping the exact 
binding site on the pre-rRNA and confirming the results with 
in vivo cross-linked material. 

NOP1 shares a strikingly conserved repeated sequence 
motif with other nucleolar proteins from yeast and higher eu-
karyotes. Unexpectedly, this motif is not strictly required for 
NOP1 function. However, strong growth of strains carrying 
the deletion of this region appears to be dependent on the 
over-expression of the mutant NOP1, perhaps consistent 
with a role in targeting or assembly. We have made use of 
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the conservation of this repeat, and its apparent restriction 
to nucleolar proteins, to clone other genes with related 
sequences. These are currently being analysed. 

Characterization of the E.coli signal recognition particle 
(SRP) 

Following the demonstration last year of a ribonucleoprotein 
particle in Ecoli which is likely to be functionally related to 
eukaryotic 8RP, we have continued to analyse the structure 
and function of the Ecoli 8RP. We have constructed a strain 
in which the RNA component, 4.58 RNA, is synthesized 
with a single-stranded extension. The 8RP particle can be 
efficiently depleted from Iysates of this strain using biotiny-
lated oligonucleotides complimentary to the single-stranded 
region. Analysis of proteins co-depleted with 4.58 RNA 
confirms the in vivo association between 4.58 RNA and 
the 8RP54Ec protein, and the other protein components of 
the particle are currently being analysed. This technique is 
also being used to analyse the effects of depletion of the 
particle on in vitro translocation (in collaboration with M. 
MOiler, Freiburg). In addition, we are analysing the effects of 
depletion of 4.58 RNA on the synthesis of secreted proteins. 
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Cytoplasmic gene regulation 
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The goal of this group is to study the mechanisms by which 
eukaryotic cells determine the fate of mRNAs in the cyto-
plasm. Our main interest focuses on the roles which trans-
lation plays in "mRNA metabolism" and on the regulation 
of translation itself. To this end, we analyze two biological 
systems (iron-responsive elements and nonsense mutations 
in (3 globin mRNAs) and study the effect of RNA/protein 
complexes and RNA/oligonucleotide hybrids in the 5'UTR 
of mRNAs. The investigation of a small cytoplasmic RNA 
from human placenta was completed during the past year. 

Iron-responsive elements (IREs) 

IREs were first identified in ferritin and transferrin recep-
tor mRNAs and have become model systems for studying 
translational regulation and mRNA turnover. We have con-
tinued our investigations on the biological roles and the func-
tion of IREs in two main directions. First, we have devised a 
computer-assisted database screen which permits the iden-
tification of previously unrecognized mRNA elements with a 
high degree of similarity to IREs. This approach has helped 
to extend our understanding of the regulatory roles of IREs. 
Amongst others, we identified an IRE in the 5'UTR of the 
erythroid-specific human and murine 8-aminolevulinic acid 
synthase (eALAS) mRNAs. We demonstrated the function 
of the human eALAS IRE as a specific binding site for the 
IRE-binding protein and its ability to mediate iron-dependent 
translation of indicator transcripts in transfected cells. Since 
eALAS activity appears to be rate-limiting for haem biosyn-
thesis in developing erythroid cells, our findings suggest a 
central regulatory role of iron during erythroid differentia-
tion. Future work will examine this role in more detail and 
evaluate further possible biological roles of IREs. Second, 
we have investigated the molecular mechanism by which 
an IRE/IRE-BP complex can interfere with the multi-step 
process of translation initiation. We have discovered that the 
position of the IRE within the 5'UTR of an mRNA is critical 
for its function in vivo. Most importantly, the length and the 
composition of the "spacer RNA" between the 5' end of the 
mRNA and the IRE determines the ability of the IRE/IRE-BP 

complex to repress translation. We have found that fer-
ritin mRNA translation is specifically repressed in cell-free 
translation systems from rabbit reticulocytes (which contain 
endogenous IRE-BP activity) or wheat germ after addition 
of partially purified IRE-BP from human placenta. These two 
systems should permit further biochemical characterization 
of the mechanisms underlying the findings described above. 

The placental scRNA 

In contrast to the translational regulation by the IRE/IRE-BP 
system, a small cytoplasmic RNA (scRNA) isolated from 
human placenta was reported to affect translation initiation 
more generally. When added to cell-free translation systems 
from rabbit reticulocytes or wheat germ, the translation of 
exogenously added mRNA was decreased by >80%. Inter-
estingly, purification of scRNAs with very similar properties 
from other sources have been reported, suggesting a com-
mon explanation for these findings. We have investigated 
the mechanism by which placental scRNA preparations 
inhibit cell-free translation (see report 1989). In contrast 
to the original reports, we did not obtain any evidence 
which implicated the scRNA (or any other RNA molecule) 
as the molecular effector for the translational inhibition. We 
determined that heparin co-purifies with scRNAs through all 
purification steps and gives rise to the translational inhibition 
which had been attributed to the scRNA. 

Effect of RNA/protein complexes on 
translation initiation 

One of the intriguing questions raised by the IRE/IRE-BP 
system is whether it exemplifies a general mechanism for 
translational regulation by which an RNA motif (the IRE) 
attracts an RNA-binding protein (the IRE-BP) to a site within 
the mRNA which is critical for translation initiation and thus 
induces an RNA/protein complex-dependent blockage of the 
initiation process. To test this hypothesis, we have designed 
indicator constructs which contain a binding site in the 
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5'UTR for a known cytoplasmic RNA binding protein that 
normally does not influence translation (such as the region 
of U1 snRNA which binds the U1 A protein). The translation of 
mRNAs from such constructs will be evaluated by transfec-
tion experiments and in cell-free translation systems in the 
presence and the absence of the specific binding proteins. 

Probing translation initiation with 
antisense oligonucleotides 

Synthetic antisense oligonucleotides have been used to 
inhibit the translation of specific mRNAs in vivo and in vitro. 
Successful inhibition has, at least in part, been achieved 
via RNase H-mediated cleavage of the target mRNA. We 
are attempting to use antisense oligonucleotides to probe 
translation initiation in vitro. This approach requires that the 
oligonucleotide blocks translation without affecting the in-
tegrity of the mRNA. Modified RNA oligonucleotides (devel-
oped by Brian Sproat and Angus Lamond) have been shown 
to bind efficiently to RNA without activation of RNase H. 
We are evaluating whether the RNA/RNA hybrids between 
an mRNA and a synthetic antisense oligonucleotide are 
resistant to helicase activities in cell-free translation extracts 
and whether hybrid formation blocks translation initiation. If 
successful, this approach could be extended to isolate "ar-
rested" pre-initiation complexes by streptavidin/biotin chro-
matography using biotinylated antisense oligonucleotides. 

Effect of nonsense mutations on 
cytoplasmic mRNA levels 

Nonsense mutations introduce premature translation stop 
codons into the coding regions of mRNAs. When compared 
with the steady state levels of the corresponding wild-type 
transcripts, the mRNA levels of the mutated transcripts were 
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found to be 5-10-fold lower in several cases. The molecu-
lar basis for this observation is unknown, but transcription 
rates (as determined by nuclear run-off experiments) have 
been shown to be normal. In collaboration with A. Ku-
lozik (University of Ulm, Fed. Rep. of Germany) we have 
made the interesting observations that the phenotype of 
reduced cytoplasmic mRNA levels depends on (1) the type 
of promoter used to express transfected indicator constructs 
harboring such mutations and (2) the existence of introns 
in such constructs. Taken at face value, these phenomena 
indicate a possible functional linkage between the processes 
of transcription, splicing, nucleo-cytoplasmic transport, and 
translation. Further experimentation aims to evaluate the 
generality of these observations and to elucidate the respon-
sible molecular parameters. 
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Physical Instrumentation Programme 

Introduction 

In July, we organized the first EMBO practical course on 
"Novel Imaging Modes in Molecular Biology" in collaboration 
with Stephen Fuller (EMBL) and Andreas Engel (Basel). 
This course was introduced to give students the opportunity 
to acquire experience with microscopes that are not often 
available, such as the scanning transmission electron micro-
scope (STEM), the scanning tunnelling microscope (STM), 
the atomic force microscope (AFM) and the high resolution 
low voltage scanning electron microscope (LVSEM). All 
these microscopes were available during the course and 
could successfully be applied to various biological speci-
mens. 

STEM application concentrated on mass measurement and 
mapping, on the study cf the structure and assembly of 
spliceosomes, on high resolution labelling using small heavy 
metal clusters, and on the application of novel imaging 
modes. 

With the arrival of Joachim Zach (physicist from Darmstadt) 
in January, the electron microscope development was fo-
cused on the development of the low voltage scanning elec-
tron microscope. Franck d'Annunzio, who was appointed 
in May, commenced the design of the high-stability power 
supplies needed for this project. A cold stage and specimen 
transfer system were developed to fulfil the requirements for 
biological applications. Initial studies have also been carried 
out on the corrected TEM project.The CryoSTEM parallel 
recording system for energy-loss spectra, based on a lin-
ear charge coupled device (CCD) detector, was completed 
and the multichannel phase-contrast detector system was 
incorporated in the CryoSTEM and tested. 

The impending departure of one group leader (Arthur Jones) 
in mid-1991 will necessitate a restructuring. of the electron 
microscope development activity. Instrumental development 
and maintenance will be consolidated under a single group 
leader (Max Haider). 

A large part of the effort of the microcomputing and data 
acquisition group went into the tests and integration of 
hardware and software for the electron microscopy projects. 
The CryoSTEM multi-detector and fast front-end electron-
ics have been successfully tested. The STEM VME data 
acquisition system has been enhanced by the addition of 
new display hardware, a new interface and more user-
friendly software. The software developed for the multiple 
peptide synthesizer has been transferred to industry and 
is therefore available to the user community. Collaboration 
with Biochemical Instrumentation will continue on the same 
lines as in the past. With the arrival of Jean-Christoph Olivo 
(Villejuif) an image processing project has been started 
on a SUN host coupled to dedicated hardware. We ex-
pect to cover a broad range of image processing prob-
lems that can be found in molecular biology. In a col-
laboration with the Gene Expression Programme we will 
attempt to cover problems other than those of electron 
microscopy. 

Some initial work on fast hardware to process protein se-
quences has been initiated with members of the Biological 
Structures and Biocomputing Programme. At the end of 
December, Philippe Leyendecker, our VME expert, left the 
group for a position in France. We hope to be able to replace 
him soon in order to continue our projects for VME-based 
synchrotron radiation data acquisition equipment. 

The light microscopy group develops instruments and ap-
propriate software to investigate three-dimensional intensity 
distribution as a function of time. Major obstacles are the 
huge data sets that are produced, the low count rate and the 
viability of biological in vivo systems. The task is approached 
from the instrumental side by building confocal fluorescence 
microscopes and from the theoretical side by investigating 
three-dimensional image analysis and image information. 
The instruments are used in collaboration with scientists in 
the Cell Biology Programme. 
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Electron microscope development and STEM application 
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Low voltage scanning electron microscope (LVSEM) 

Development of the microscope column 

In April 1990 we received a Philips 525 SEM from our 
industrial collaborator. This instrument is the basic micro-
scope from which the new LVSEM will be developed. The 
microscope was tested for mechanical stability and resolu-
tion. The tests showed that the mechanical decoupling of 
the microscope column from external vibration had to be 
improved. For this purpose we developed a new support 
system for the specimen chamber and the electron optical 
column. With this new damping system, the resolution of 
the microscope is no longer limited by vibrations but by 
the spherical and chromatic lens aberrations, which will be 
corrected in the new LVSEM. The correction of these two 
aberrations is the main goal of this project because they are 
the physical limitations of modern electron microscopes. 

We have also designed the new electron optical column of 
the LVSEM (Plate 53), which mounts on the Philips speci-
men chamber and is partly driven by the Philips electronics. 
The characteristic features of the column are 
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a field emission gun: 
This gun is necessary for high resolution SEM espe-
cially at low beam energies, because it provides a very 
low energy width of the beam «0.5 eV) and a high 
gun brightness. 
a housing for the multipole corrector: 
The corrector, which has been built in the electron mi-
croscope development group during the last few years, 
has to be incorporated in the column and therefore, a 
chamber for this corrector is needed. 
a double deflection system: 
This device is needed in combination with the EDOL to 
minimize off-axial aberrations. 
an electrostatic detector objective lens (EDOL): 
The EDOL is a new type retarding immersion lens, 

which decelerates the electrons from 8 keV to their final 
energy (0.5-2 keV). Keeping the electrons at a higher 
energy within the column makes them less sensitive 
to electron-electron interactions and to external stray 
fields. A quadrant detector is incorporated in the lens. 
The secondary electrons emitted by the specimen are 
guided to different quadrants depending on their emis-
sion direction. Using a proper combination of the single 
quadrant signals it is possible to obtain an image of 
the topography which can easily be interpreted by the 
human eye. 

The components of the column were built by the mechanical 
workshop and a preliminary version of the LVSEM was 
assembled at the end of the year. First tests revealed that all 
new components work in principle as predicted. A detailed 
investigation of their performance will start in January 1991. 

In addition, we commenced the development of extremely 
precise and stable voltage and current supplies (stability 
<10-7 ) for the final version of the microscope. The assembly 
and testing of this version will be the main task of the 
LVSEM-project in 1991. 

Cold stage for the LVSEM 

The design is based on the macrochamber of the Philips 
SEM 525. This specimen chamber has the advantage that 
it provides enough space to incorporate all necessary parts 
without restricting the versatility of this stage. An electrically 
isolated liquid nitrogen cooled cold stage has been designed 
to fulfil the requirements for biological applications. 

The cold stage is similar in design to the side-entry system 
of the CryoSTEM: with a portable air-lock for the insertion 
of vitrified specimens, and for the transfer under vacuum of 
freeze-dried specimens from the freeze-dryer to the micro-
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PLATE 53 

The new design for the electron optical column of the low voltage 
scanning electron microscope which is presently under construc-
tion. The column fulfills all requirements for attaining a very small 
electron probe. 
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PLATE 54 

Comparison of two ways of recording electrons in STEM: a 5 
nm colloidal gold on a carbon substrate is shown (a) in the ana-

scope. The normal SEM stub holders for room temperature 
operation are easily installed. The stage itself is mounted 
on a vibration-damping support, thermally insulated and 
isolated from ground potential (this is necessary for the 
operation of the EDOL). A liquid nitrogen container inside 
the chamber acts both as a cryopump and as a thermal sink 
for the stage. The design of the complete cold stage system 
is finished and the components are being constructed and 
tested. 

STEM 

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

(1) mass measurement and mass mapping; 
(2) structural and localization studies of thin aperiodic ob-

jects; 
(3) high resolution labelling using small heavy-atom 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. 
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log recording mode (scintillator + photomultiplier) and (b) in the 
electron-counting mode, using the new quadrant detector. 

STEM development 

Multichannel phase-contrast detector 

One of the unique features of the STEM is its capability 
to simultaneously record all transmitted electrons regarding 
their scattering angle. However, this often-cited advantage 
of STEM over TEM has not often been utilized due to the 
lack of an appropriate detector system. In collaboration with 
Christian Boulin's group such a detection system has been 
developed and installed. This detector consists of 30 rings, 
which are split into quadrants, and therefore allows the 
angle-resolved detection of electrons. The detector system, 
a planar ion-implanted silicon detector and its associated 
hardware, is capable of counting individual electrons up to 
a frequency of 8 MHz and is therefore free of any electronic 
noise. Due to these properties this detector is best suited 
for low dose applications and is a very good approximation 
to an ideal detector. 

The development of the electronic hardware was finished 
this year and we could begin to test the overall performance 
of this detection system. With all components included we 
obtained a good agreement between the experimental val-
ues and the calculated ones if we assume a dead time for 
the detector in the range of 100 ns. The configuration of the 
detector can be changed by software and, as an example, 
a dark-field configuration has been used to compare an 
image recorded in the counting mode with that obtained in 
the analog mode with the usual scintillator-photomultiplier 
detection system. The beam current was very low (0.5 pAl 
and, as can be seen (Plate 54), the analog-mode image is 
somewhat noisier. 



HB5 upgrade and STEM maintenance 

The construction of the new data acquisition and display 
hardware is expected to be completed by mid-1991, which 
will correspond to the changeover to the new group structure 
after Arthur Jones' departure. 

The new acquisition system differs from the original HB5 
and CryoSTEM systems in two ways. First, the old EMBL-
designed frame store is replaced by commercial display 
memory which is an integral part of the microcomputer incor-
porated into each STEM. The microcomputer itself therefore 
becomes an integral part of the microscope instead of a 
relatively loosely-coupled data acquisition system. Second, 
the old photographic display is replaced by a laser printer 
modified to produce 225 gray levels instead of the usual 
simple black and white images. The new system is much 
cheaper to use and is free from the geometric distortions in-
herent in display-based systems. Publication-quality images 
can be obtained by sending the data to the Slidewriter facility 
in the photographic laboratory. 

The new system also includes the dual analog signal pro-
cessor designed originally for the CryoSTEM with high-
resolution (1 024x 1 024 pixels) colour displays. 

STEM applications 

Mass measurement and mass mapping 

As in the preceding years, mass measurement has been 
offered as a facility on the HB5 STEM, in collaboration with 
people inside and outside EMBL. The determinations are 
carried out using an internal standard (TMV). 

STEM is the most suitable technique to determine the 
masses of large macromolecular assemblies such as 
viruses. In the past, however, part of the mass values 
measured for the enveloped Sindbis and Semliki Forest 
viruses were significantly lower than those expected on the 
basis of the determinations of the triangulation numbers for 
the cores and the envelopes of these viruses; these num-
bers had been established by icosahedral reconstruction 
of vitrified specimens (Fuller, 1987). This discrepancy was 
eliminated by taking two measures (in collaboration with 
Stephen Fuller). First, the preservation of the viruses during 
specimen preparation was improved by the use of freeze-
drying instead of air-drying; the latter technique seemed to 
result in a systematic loss of mass of these fragile enveloped 
viruses. Second, the non-linearity due to the large thickness 
of the virus relative to that of the standard was corrected us-
ing calculated values for the anular dark-field detector signal 
as a function of specimen thickness; these calculations were 
experimentally checked using polystyrene latex spheres of 
different diameters. The mass values thus determined were 
48.6 MDa for Sindbis, and 47.3 MDa for Semliki Forest virus 
(expected values 46.4 MDa, and 48.8 MDa, respectively). 

In collaboration with R. Lurz (Berlin) and P. Tavares 
(Oeiras), we determined the mass of the Bacillus subtilis 
phage SPP1 portal protein in order to establish its oligomeric 

state; the protomeric mass - deduced from nucleotide se-
quence analysis - is 57 kDa. The mass measured for the 
sample, which was expressed in E.coli, was 755 + 65 kDa. 
The mean value is closest to that of a 13-mer, which has 
also been found by P. Dube and M. van Heel (Berlin) by 
single particle image analysis of top views; until now, the 
portal proteins of the double-stranded DNA phages were 
thought to be 12-mers. 

Two mass mapping projects are in progress. In collaboration 
with G. Hofhaus, H. Weiss (Dusseldorf), and K. Leonard 
(EMBL), we are investigating the mass distribution within 
Neurospora crassa mitochondrial NADH:ubiquinone reduc-
tase in two-dimensional crystals. The aim is to confirm that 
the enzyme as well as the hydrophobic and hydrophylic 
parts that were studied contain the full sets of subunits. In 
the second project, we are investigating whether STEM dark 
field can be used to generate radial mass density profiles of 
vitrified helical objects to replace the weakly-defined ones 
obtained in TEM bright field phase contrast. In STEM, we 
have already attained a better resolution for the profile 
of TMV in the vitrified state compared with that obtained 
earlier in the freeze-dried state by Steven et al. (1984). 
The approach will be applied to the flagellar filament of 
Salmonella typhimurium (in collaboration with S. Trachten-
berg (Jeruzalem) and K. Leonard at EMBL). 

Structural and localization studies of 
thin aperiodic objects 

The work on the structure and assembly of splicing com-
plexes by Mary-Jo Sibbald, Angus Lamond and coworkers 
was continued. See their report. 

High resolution labelling with 
heavy metal clusters 

In collaboration with M. Laschever, S. Weinstein, A. Yonath 
(Rehovot), and W. Jahn (Heidelberg), we investigated the 
extent of labelling in a sample of E.coli tRNAPhe, labelled 
with undecagold (diameter 8 A) at nucleotide X at position 
47; the sample is used to obtain heavy metal derivatives of 
ribosome crystals. At the same time, this project served as a 
pilot study for high resolution labelling using the CryoSTEM. 
The label attached to tRNA can be visualized with this 
instrument (Plate 55). A long-term goal is to carry out 
high resolution localization in various complexes involved 
in protein synthesis. 

Applications of novel imaging modes 

The application of Z-contrast using the CryoSTEM was 
continued. Z-contrast is a thickness-independent imaging 
mode, which can be used to determine the local concentra-
tions of substances of a particular atomic composition. The 
collaboration with B. Bohrmann & E. Kellenberger (Basel) 
has been continued to evaluate further the compactness of 
chromatin in different types of organism, i.e. Amphidinium 
or Euglena cells. These were embedded together with 
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PLATE 55 

Eeo!; tRNAPhe labelled with undecagold (a), and unlabelled (b). 
Bar=200 A (Images were low-pass filtered to suppress noise.) 

Ecoli, which is used as an internal standard. The values 
measured last year were confirmed. Furthermore, we could 
achieve with this imaging mode very high contrast enabling 
sub-cellular structures such as membranes or ribosomes 
to be visualized with quality similar to heavy-metal-stained 
sections. 

Publications during the year 
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Microcomputing and data acquisition 

Group leader: C. Boulin 

Scientists: T. Bastian, A. Epstein, P. Leyendecker, J.C. Olivo* 

Visitors: P. Benzonana*, D. Kern* 

Microcomputing is now a well established tool for the mol-
ecular biologist and therefore the time spent helping users 
and updating software has increased in recent years. We 
are quite convinced that with the availability of even more 
powerful microcomputers and their associated peripherals, 
allowing large local storage to be exploited "on the bench", 
the impact of microcomputing on the daily work will increase. 

As a consequence of this we started to think about dedi-
cated hardware add-ons to allow the migration of software, 
presently running on large machines, to microcomputer-
based systems. Typical examples are sequence compari-
son, motif searches and applications of a similar kind for 
which algorithms exist and are known to be sensitive. 

Preliminary evaluations of multiprocessor architecture per-
formance that have been made, in collaboration with Pat 
Argos, clearly showed that this direction is worthwhile. But 
the development of such high speed hardware and software 
requires outstanding engineering facilities to carry out such 
projects in a short time. Efforts to expand the presently 
available Computer Aided Design tools will be required. 
We have spent some time in carefully evaluating our future 
needs and have looked for possible solutions. New software 
development tools are equally important because of their 
ease in program development and testing. 

Software support for electron microscopy 

The CryoSTEM software package has been expanded dur-
ing this year. The package now features two additional 
capabilities: (1) an enhanced spectrum processing program 
to carry out elemental mapping, and (2) an on-line Fast 
Fourier Transform (FFT) utility to assess the quality of the 
recorded images. 

The spectrum processing package allows the microscope 
user to acquire spectra from the CCD channel, to display the 
spectra on a colour video screen and to define interactively 
and graphically the integration boundaries for elemental 
mapping computations. 

During program development we realized that the software 
driver delivered with the graphics board was quite unreliable 
and contained several errors. Finally we decided to rewrite 
all the faulty low level access routines and we have now 
very efficient software. 

A VMEbus-based array processor board has been added 
to the CryoSTEM data acquisition system. This card is 
organized around the Intel 860 microprocessor that has 
a peak performance of 66 MFlops. This product comes 
with a scientific library allowing some moderately com-
plex data processing. Low-level driver software also re-
quired some work to adapt it to our working environ-
ment (the initial driver was written for the SUN envi-
ronment). Nevertheless, software development has been 
carried out to provide on-line FFTs of the acquired im-
ages. 

A 512x512 FFT is executed in about 3 seconds where most 
of the time is spent in I/O. Further developments will allow 
some simple but useful image processing functions to be 
performed on-line at high speed. 

Hardware and software development 
on the HBV STEM 

The VMEbus-based data acquisition system was upgraded. 
The new architecture includes two powerful graphic cards 
(1Kx1K pixels) and a 16 MByte VMEIVSB memory board. 
The interface to the microscope has been redesigned to 
support transfers via the VSBbus. It allows the acquisition 
of one or two 8 bit images, or one 16 bit image, with a 
resolution of up to 16K* 16K, and a pixel speed of down to 
1 (0.5) MS. The images can be acquired into memory and/or 
into the graphic modules, using the VSB bus exclusively. An 
on-board direct memory access (DMA) controller dispatches 
data as required under software control at the initialization. 

The "STEM" data acquisition program is based on two 
menus. The main menu allows the control of the acquisition 
itself: channel enable/disable, automatic save, save frame 
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store content, save or print last acquisition, zoom, select 
quadrant and display look up table. The option menu allows 
the user to specify the current working directory, to list its 
content, to delete, rename, print or display images stored 
on disk or to set a sample name. Each user has his own 
configuration file in his home directory. This configuration is 
loaded at run time, and updated after each acquisition and 
each time the user modifies a parameter. 

Detector systems for the CryoSTEM 

The scanning transmission electron microscope (STEM) 
has the ability to produce multiple simultaneous images 
by the use of multiple detector systems. In practice, this 
advantage has seldom been fully utilized, mainly because of 
the practical difficulties in designing such detector systems 
and their associated electronics. 

Imaging in STEM is usually carried out using filtered bright-
field and dark-field detectors which are conventional scin-
tillator/photomultiplier combinations converting the 100 KeV 
electrons into light. 

We have implemented a new kind of detector based 
on ion implanted silicon, a technique developed for high 
energy physics. Direct single electron detection is pos-
sible with such detectors so that the quality of imaging 
should be improved compared to the analog measure-
ments. 

The silicon quadrant detector was put into use after a 
relatively long period of design and development. This high 
risk technological project required several new techniques 
to be introduced into the palette of our activities. The de-
sign of the pulse-counting front-end required very low-noise 
preamplifiers and discriminators to be packaged properly 
to avoid any external noise source and cross-talk. The 
design of the multi-channel counter application-specific in-
tegrated circuit (ASIC) was successful and the integrated 
circuit produced meets the initial specifications allowing a 
counting frequency of better than 60 MHz per channel and 
a read-out speed in excess of 20 MHz. Last but not least 
the parallel and pipelined mUlti-processor digital front-end 
required to process on the fly each pixel at a speed of 4 fJ,s 
was quite demanding in terms of hardware and software 
development. 

A 16-bit integer processing unit (IPU) has been devel-
oped around a fast byte-slice arithmetic and logic unit from 
Texas Instruments (TI 74 AS888). A minimum instruction 
set has been implemented according to the needs of the 
present application but it can be extended or modified eas-
ily. 

This board is the basic building block for the implementation 
of the fast parallel and pipelined processing system. A 
standard Z80 based microprocessor card is used to load 
the software into the six IPUs. Synchronization with the 
microscope's scan generator is carried out by a timing card 
that delivers the master clock for the six processors and 
some other control signals. 
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A software package was developed consisting of: (1) an 
assembler for the IPU, (2) an application-dedicated com-
piler/parallelizer that translates a description of the integra-
tion boundaries and the required linear combinations into six 
IPU assembly language programs, and (3) a user interface 
that enables the user to enter, edit and save equation 
descriptions. The two first tools are called automatically 
by the user interface and are therefore transparent to the 
user. 

The computing power of the six IPUs system is close to 60 
MIPS. When running a program to compute 8 simultaneous 
images, with a pixel time of 4 fJ,s, about 80% of the available 
computing power is used. 

The new detector system permits independent selection of 
the inner and outer acceptance angles for dark-field images 
with the various non-standard phase-contrast modes. 

The design of a new digital pre-processing system to be 
used for the spectroscopy measurement with the CryoSTEM 
has been started. This new system using a silicon linear 
microstrip detector will ultimately replace the charge coup-
led device-based (CCD-based) detection system presently 
available on the microscope. The increase in performance 
will affect both the detection efficiency and the speed per 
pixel. The two factors are of fundamental importance for 
experiments with biological samples. 

Image processing 

The development of an image processing package is cur-
rently in progress. The aim of this project is to build a set of 
image processing software that manages, on the one hand, 
image quality improvement (contrast enhancement, filtering, 
deblurring, ... ) and on the other, quantitative morphometric 
measurements and pattern recognition. After defining the 
needed configuration and computer requirements, we have 
installed an image processing subsystem (Imaging Technol-
ogy Series 151) on a Sun workstation. The first step of the 
work consisted in building a user-friendly interface. We have 
chosen to develop our programs under OPEN LOOK, which 
is the standard SUN user interface for Xlib and X11, to have 
our software running without changes on any UNIX machine 
with complete network transparency. 

By now, a number of image processing features have been 
developed. These capabilities are centred around three 
functions: (1) display and storage of images, (2) image 
enhancement and (3) measurements. Each of these items 
has been designed to achieve high speed execution either 
on the whole image or on an area of interest interactively 
defined. Segmentation capabilities, either manual or auto-
matic, have been developed to extract the useful informa-
tion from images. A complete set of parameters is already 
available to provide characterization of image features. lin-
ear and non-linear filtering combined with histogram-based 
processing routines allow improvement in image quality. 
Further developments will consist of mUlti-image correlation 
programs, distortion correction and pattern recognition by 
means of statistical analysis. 



Transputer-based interface for the MCM 

We have designed and built a fast two-channel transputer-
based interface for the modular confocal microscope. The 
interface digitizes the multiplexed analog signals, transfers 
the data into a dual ported/dual buffer memory and gen-
erates interrupts to the transputer. Such a system could 
be the basis of the future data acquisition system to be 
implemented for the fast version of the confocal microscope. 

Software for multiple peptide synthesis 

The software package described in last year's report has 
been substantially improved both in terms of user interface 
and speed of computation. We have added some soft-
ware protection to avoid non-authorized users modifying the 
working conditions and automated nearly all the processing 
from sequence and peptides input to execution. Most of 
the HyperCard code contained in the package has been 

rewritten and transformed in a single compiled application. 
This work has been done according to the feedback we 
obtained from the users in the Rainer Frank group. The 
present version of the software has been sold to Abimed 
who had previously acquired the licence for the production 
and commercialization of the multiple peptide synthesizer. 

Publications during the year 

Boulin, C., Epstein, A., Frank, R. & Gausepohl, H. (1990). 
Software tools for efficient development of the methodol-
ogy: application to automated multiple peptide synthesis. In 
Proc. Scientific Computing and Automation (Europe): ed. 
Karjalainen, E.J.; pp. 80 

Olivo, J.C., Kahn, E., Halpern, S. & Fragu, P. (1990). Digital 
correlation of ion and optical microscopic images: appli-
cation to the study of thyroglobulin chemical modification. 
Scanning Microsc., 4, 825-828 
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Three-dimensional light microscopy 

Group leader: E.H.K. Stelzer 

Scientists: M. Barth*, S. Hell*, C. Storz, J. Viitanen* 

Visitors: O. Biran*, C. Cremer*, T. Cremer*, A. Draeger*, I. Kharboush*, S. Kraeft*, A. Kuusisto*, F. Manns*, R. Muller*, G. Paatz*, F. Reinholz* 

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

The light microscopy group has three major tasks: (1) in-
strumentation, (2) research in biology and (3) three-
dimensional image and signal processing. The group: 
(1) designs, builds and maintains confocal fluorescence and 
reflection microscopes for biological research, (2) collab-
orates with scientists using three-dimensional and video 
microscopy and supports the processing of the ac-
quired data sets and (3) actively investigates the three-
dimensional imaging in optical systems with a high nu-
merical aperture, segmentation, expansion of the optical 
transfer function and three-dimensional signal process-
ing. 

Confocal beam scanning laser microscopy 

The confocal beam scanning laser microscope (CBSLM) 
was first used in 1987 and completed in 1988. A number of 
different investigations were performed using this instrument 
(Merdes 1989; MOiler 1990; Bomsel et al., 1989; Bacallao 
et al. 1989; Popp et al., 1990; Bacallao et al., 1990; Stelzer 
et al., 1990). The instrument was last used in spring 1990 
and disassembled during fall 1990. 

Modular confocal microscope 

The modular confocal microscope (MCM) was first used 
in 1989 (Bre et al., 1990) and completed early in 1990. 
The MCM replaces the CBSLM. The major design goals, 
recording speed of 450 lines/sec., six input channels, high 
sensitivity, easy to use, were all achieved. 

The MCM is maintained by the group, but used in collab-
oration with the scientists interested in biological research. 
Special modules for the. MCM are a camera that records 
complete point spread functions and a spectrometer for 
microscopic fluorescence spectroscopy. These can be used 
instead of a detector module for double fluorescence exper-
iments. 
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Compact confocal microscope 

Based on the MCM a new generation of compact confocal 
microscopes (CCM) was designed and built. The major 
performance characteristics are equivalent to those of the 
MCM. The CCMs are more stable (fewer movable parts), 
more versatile (two laser inputs, five detectors, eight fil-
ters per channel) and use partially redesigned electronic 
equipment. Three instruments are expected to be completed 
during 1991. 

Biological research 

The MCM is the main basis of collaborations with the Cell 
Biology Programme, the other being the development of 
equipment for time lapse video microscopy. Main users of 
the instrument were: A. Merdes, J. De Mey, I. Wacker, 
E. Lehtonen, D. Vaux, C. Fonseca & C. Dotti (EMBL), 
A. Draeger (Salzburg), I. Kharboush (Heidelberg), G. Paatz, 
C. Cremer & Th. Cremer (Heidelberg), F. Reinholz & 
S. Kraeft (Rostock). The main interest was confocal fluores-
cence microscopy, localizing the three-dimensional distribu-
tion of proteins or colocalizing two different protein distribu-
tions in a double fluorescence experiment. As in previous 
years, a big problem is to maintain the three-dimensional 
structure of a cell during the different preparative stages. 
In collaboration with Th. Cremer we have started a special 
effort to investigate solutions in more detail. 

Three-dimensional transfer functions (R. MOiler & S. Hell) 

A simple theory was developed (R. MOiler, 1990) that de-
scribes the three-dimensional imaging process analytically. 
In a first approximation the theory can be used to describe 
confocal fluorescence and confocal reflection microscopy. 
It takes the numerical aperture, emission and excitation 
wavelengths, the over/under-illumination and object geome-
try into account. Based on the theory, predictions were made 



and appropriate experiments were designed and carried out 
using the CBSLM and the MCM. A powerful approach is to 
take the wave nature of light including the state of polariza-
tion into account (S. Hell, 1990). This approach is basically 
numeric and gives exact results that are probably beyond 
the limit of verification in confocal fluorescence microscopy. 
We intend to use the calculations to confirm observations, 
relax design constraints, optimize signal-to-noise ratios and 
investigate new instrumental arrangements that offer an 
improved resolution or different contrasts. 

Three-dimensional signal processing (P. Hanninen) 

Median-hybrid filters were investigated and their perfor-
mance was compared with data averaging. Surprisingly 
effective filters can be designed that require one fourth 
the amount of data (Hanninen et al., 1990) without an 
apparent loss of structure. Median-hybrids will be introduced 
as routine filters. 

Three-dimensional image processing (J. Viitanen) 

To reduce the amount of data and as a major step towards 
three-dimensional microscopy as a function of time, we 
are actively investigating three-dimensional segmentation 
algorithms. An algorithm that traces lines in three dimen-
sions (e.g. microtubules) has been implemented as an AVS 
(application visualization system) module. The module pro-
cesses a data set of 4 MByte within 1 min. and reduces the 
data volume to 5%. Algorithms that operate on membranes, 
chromosomes etc. will be implemented next. 

Expansion of the optical transfer function (M. Barth) 

A major effort is the deconvolution and subsequent improve-
ment of the apparent resolution of images recorded in a con-
focal fluorescence microscope. By recording the complete 
point spread function instead of its central maximum, high 
order contributions can be accounted for and the estimate 
of the transfer function can be improved. A special detector 
module with a charge coupled device (CCD) camera was 
built and applied in an experimental verification. 

Publications during the year 
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Biochemical Instrumentation Programme 

Introduction 

The groups in the Programme continued their work in de-
velopment 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. 
In addition to the technology research, service for the 
scientists at EMBL in DNA and peptide synthesis, DNA 
and protein sequencing, automated microinjection in cells 
and sorting with FACS are provided. The groups are in 
close contact with other Programmes, as well as with the 
mechanical/electronic workshops and the design office at 
EMBL. 

After the departure of the group of Rainer Frank (protein 
chemistry group) in the middle of the year, the first priority 
was to ensure a continuity in in-house protein sequencing 
and peptide synthesis services. New staff joined EMBL in 
the first half of the year and started in July 1990, setting up 
the Protein and Peptide Service Unit in a new laboratory with 
new equipment. The techniques and methods were quickly 
established and sequencing, synthetic peptides and amino-
acid analysis services, as well as help in protein preparation 
and purification, have been provided continuously since 
then. We are currently searching for suitable candidates for 
the position of group leader in protein chemistry. 

Continued interest in the use of 2'-O-methyloligoribonucleo-
tides as antisense probes for investigating RNA process-
ing has led to the synthesis and biological evaluation of 
related analogues. In particular, the 2'-O-allyl analogues 
have excellent properties (e.g. reduced non-specific bind-
ing). A novel biotin-containing reagent has been developed, 
allowing the direct solid phase synthesis of multibiotinylated 
2'-O-alkyloligoribonucleotides. These compounds are useful 
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for affinity purification of RNA-protein complexes. Fluores-
cent labelled 2'-O-alkyl RNAs have been microinjected in 
nuclei to locate and follow in living cells the various snRNPs 
involved in RNA splicing. 

Construction and delivery of a limited number of EMBL auto-
mated DNA sequencer prototypes to several collaborating 
European laboratories was accomplished, as was agreed 
before the commercial version (A.L.F., Pharmacia LKB) was 
made available. A novel method for Sanger DNA sequenc-
ing in one lane on a gel and with only one fluorescent label 
for all four bases of one clone was developed, quadrupling 
potentially the sequence output of the EMBL device. The 
gene encoding human casein kinase " was isolated from 
genomic DNA and its sequence determined. 

A potentially significant increase in the sequence speed and 
output, by an order of magnitude, was achieved in tests 
with ultrathin slab gels. DNA sequencing on ultrathin slab 
gels (thickness about 100jLm) allows at present 10-20 times 
higher sequencing speeds of 500-1200 bases per hour per 
clone, and reading length up to 700 bases. 

The fluorescence activated cell sorter was used extensively 
as a service tool during the year. Particular attention was 
paid to experimental design, staining techniques and in-
terpretation of results. Experiments were carried out with 
groups from the Cell Biology, Differentiation and Gene Ex-
pression Programmes. 

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 

Visitors: S. Herr, K. Stucky 

Assistant: N. Hewitt* 

Automated DNA sequencing station 
with fluorescent labels 

The last five of the limited number of EMBL automated DNA 
sequencer prototypes, constructed in collaboration with the 
mechanical and electronic workshops, were delivered in the 
first half of the year to the collaborating European labora-
tories active in the DNA sequencing field. These. devices 
enabled these laboratories to work with a technology de-
veloped at EMBL and tested in a large scale sequencing 
project (60 kb of the human HPRT gene locus), before 
the commercial version (A.L.F.) of the DNA sequencer was 
made available by Pharmacia Biosystem. 

Also in collaboration with the EMBL workshops the construc-
tion was started of an automated gel loading system, loading 
from the microtiter plates used in the robotics for sequencing 
reactions. The device will be particularly useful for routine 
use in the DNA sequencing service. 

A "universal" protocol for purification and sequencing reac-
tions of double-stranded DNAs was developed, optimised 
for routine use manually as well as on the robots. In the 
plasmid DNA sequencing the alkaline denaturation is an 
essential step. Standard protocols involved the sodium ac-
etate/ethanol precipitation, centrifugation and washing with 
70% ethanol. The precipitation step and the resuspension 
of the DNA were time consuming and not easily amenable 
to automation. We have developed a simplified protocol 
for the denaturation of the template DNA using a simple 
neutralization step. Time saving in the procedure amounts 
to 50 minutes and automation is completed without centrifu-
gation steps. A further simplification results from employing 
the one-step sequencing reaction procedure mentioned in 
the Research Report 1989. The new fast protocol was 
tested on more than 1000 clones in the DNA sequencing 
service facility at EMBL, and no difference in comparison 
with the standard protocol labeling efficiency, occurrence 
of fullstops or resolution has been observed. Sequence 
readings of up to 600 bases could be made on good plasmid 
DNA samples. Modifications of this protocol were applied 
to direct sequencing of cosmid and lambda DNA, with 
readings presently up to about 300 bases. The signals are 
weaker than those obtained with plasmid DNA, and a high 
sensitivity detection system is required. The method will be 

applicable to "walking primer strategy", avoiding subcloning 
steps. 

A novel method for Sanger DNA sequencing in one lane 
on a gel and with only one fluorescent label for all four 
bases was developed. By carrying out the reactions in one 
tube and adjusting the ddNTPs ratios, the sequence is 
deduced from the peak magnitudes corresponding to the 
four bases. The use of only one lane on the gel quadruples 
the sequence output of the EMBL device. The method uses 
the T7 DNA polymerase and buffer containing manganese 
ions in a one tube reaction and results in uniform overall 
peak magnitudes. As in any method using only one lane for 
sequence analysis, the accuracy depends critically on tem-
plate purity. The accuracy of this one label/one lane method 
is highest in the absence of secondary peaks, fullstops or 
high noisy background. At present this is best achieved 
by methods for purification of M 13 ssDNA templates, with 
7deaza-dGTP to eliminate compressions, where the error 
rate is below 1 %. The use of only one dye may be significant 
for the "walking primer" strategy, as well as for mapping of 
sequences and rapid screening of clones. 

The software for data acquisition, evaluation and editing 
was considerably improved, changing the evaluation of the 
on-line data to the horizontal presentation. Further effort in 
software writing will be needed for accuracy improvements 
in the determination of the sequence from the raw data by 
the automated reader. 

The optimized protocols and the DNA sequencing facility 
were presented in the EMBO course on "DNA sequencing: 
Advanced Approaches and Automated Methods" which the 
group organized at the EMBL. 

High speed on-line DNA sequencing 
on ultrathin gels 

A potentially significant increase in the sequence speed and 
output, by an order of magnitude, was achieved in tests with 
ultrathin slab gels. The current commercial automated DNA 
sequencers operate at speeds between 40-100 bases per 
hour per clone. The sequencing speed is at present the 
limiting factor in the sequence output per day. According to 

153 



our tests DNA sequencing on ultrathin slab gels (thickness 
about 100 ,um) allows at present 10-20 times higher se-
quencing speeds i.e. 500-1200 bases per hour per clone, 
and reading length up to 700 bases (40 cm separation length 
in gel). However, new still more sensitive detection systems 
and design are required for prototypes operating routinely on 
ultrathin slab gels and with a higher number of clones being 
sequenced simultaneously. Such a system is at present 
being developed in the group. 

Methods and techniques for preparation, loading, handling 
and use of ultrathin (thickness 20-200 ,um ) thermostatically 
controlled slab gels for DNA sequencing were developed at 
EMBL (Ansorge & de Maeyer, 1980). The main advantages 
of thinner gels are: 

(1) lower Joule heating per unit electrical field and sur-
face area, permitting the application of higher field 
strengths, resulting in improved resolution and substan-
tially shorter running times; 

(2) small temperature gradient across the gel thickness; 
the efficient heat transfer, in combination with gel ther-
mostating, eliminates distortions caused by thermal 
effects; 

(3) higher sensitivity. 

The manual method with radioactive labels and off-line 
determination of sequence (output limiting factors: gel han-
dling, drying, film exposure and reading), in which the speed 
of the electrophoresis is not the limiting factor, profits mainly 
from the straight autoradiogram band pattern, higher reso-
lution and sensitivity. However, the speed of a method with 
on-line sequence determination directly takes advantage of 
higher applied voltages, as tested in the EMBL automated 
DNA fluorescent sequencing system on the ultrathin ther-
mostatically controlled gels. The system contains no moving 
parts, does not involve scanning, and the continuous laser 
excitation and data acquisition allow detection of bands 
moving with a speed well above 1000 bases per hour. 

Sequencing reactions using fluorescent primers were per-
formed according to our standard protocols, the polyacry-
lamide gels concentration was 3% total monomer, 3% 
crosslinker, 0.06 M TBE buffer. The high sequencing speed 
on the slab gels is achieved with relatively low electric fields 
(60-84 V/cm) using the standard 5000 V electrophoresis 
power supply (Pharmacia Biosystem, Macrodrive 5) up to 
its maximum voltage, with no special high voltage hardware. 
Possibly even higher sequencing speeds could be obtained 
with still higher voltages. 

Ultrathin slab gels are apparently less damaged than the 
standard gels during prolonged electrophoresis, and the 
possibility of re-Ioading them several times would be an 
important operational advantage. In preliminary tests, se-
quence readings in three successive loadings were compa-
rable. 

Comparing the results with those reported recently for DNA 
sequencing in capillaries, both the reading length (sequence 
readings 450-800 bases) and the sequencing speed (500-
1200 bases per hour per clone) obtained on ultrathin slab 
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gels are comparable or higher. Handling and sample loading 
with slab gel is easier than with capillaries. The sensitivity 
observed with capillaries is at present comparable to that 
achieved in the standard EMBL automated DNA sequencer. 
High speed automated DNA sequencing systems using 
ultrathin slab gels, with their potential for an increase of the 
sequence output by an order of magnitude, could become 
a useful tool for fast DNA sequencing in small as well as 
large scale projects. 

Polymerase chain reaction (peR) and 
solid phase supports in DNA sequencing 

We have been using over the past years several solid 
phase supports in processing DNA samples (purification of 
DNA templates and sequencing reactions), e.g. glass fibre 
filters for preparation of M13 templates or the Hybond paper 
(Amersham) in chemical degradation sequencing reactions. 
Increased reproducibility and yield in the reactions are the 
advantages of the solid phase supports, since buffers and 
reagents can be changed rapidly due to the easy separation 
of reaction solutions from the solid support. In addition these 
methods are amenable to automation and were adapted 
and developed for a robotic workstation. Further supports 
will be tested, including magnetic beads after the group of 
M. Uhlen in Stockholm has demonstrated the high potential 
of the bead technology, as well as several membranes. 
Using PCR, the sequencing reactions may be carried out 
directly from the bacterial colonies. The DNA fragment is 
selectively immobilized to the support and, after elution, the 
eluted strand as well as the immobilized strand are used for 
bidirectional dideoxy sequencing. The previous experience 
of the group in design of devices for magnetic bead sorting 
will be useful for automation of the method. 

DNA sequencing projects 

The complete sequence of about 60 kilobase pairs of the 
human hypoxanthine phosphoribosyltransferase (HPRT) lo-
cus, determined using the automated EMBL DNA sequenc-
ing technology in collaboration with the team of C.T. Caskey 
from Baylor College of Medicine (Houston), has been pub-
lished (Genomics, 1990). The sequence was analysed with 
the help of Peter Rice from the Biocomputing Programme. 
It is the first large scale (over 10 kb) sequencing project un-
dertaken with an automated system and fluorescent labels. 
Interspersed repetitive DNA sequences compose 30% of the 
human HPRT locus. Even the presence of 49 Alu repeats 
did not pose difficulties in compiling the sequence, indicating 
that the random DNA sequencing method is compatible with 
a high density of interspersed repeats. 

In collaboration with W. Pyerin, Heidelberg, we have studied 
the structure of the gene encoding human casein kinase 
II (CKII) subunit /3. The human CKII is an ubiquitous ser-
ine/threonine protein kinase with numerous key functions in 
cellular metabolism and growth. It has a tetrameric structure; 
two catalytic subunits form the holoenzyme together with 
two presumably regulatory subunits (/3). The gene encoding 
CKII subunit /3 was isolated from human genomic DNA and 
the sequence primary structure was analysed in the EMBL 



sequencing station. The gene was found to span 4.2 kb and 
is composed of seven exons. Exon sizes range from 76 bp 
(exon 5) to 329 bp (exon 1), intron sizes from 145 bp (intron 
V) to 965 bp (intron II). The upstream promoter region of 
the CKII,B gene contains multiple potential gene regulatory 
sequence elements. These include accumulations of puta-
tive binding sequences for several regulatory proteins. Intron 
II contains a complete ALU repeat (278 bp). The CKII,B 
gene promotor structure shares common features with that 
of other mammalian protein kinases, in particular of the 
regulatory subunit gene of cAMP-dependent protein kinase. 

We will participate in the sequencing project for the yeast 
S.cerevisiae, as well as in other programmes organised by 
the European Community. 

Work on possible approaches for realisation of the 
sequence-tagged-sites (STS) mapping of genomes was ini-
tiated and tests were carried out. The method for direct 
sequencing of cosmid and lambda DNA, developed during 
the year, may be useful in this respect. In the spring of 1991 
we will organise at EMBL a second workshop to discuss the 
possibility of an international collaboration on mapping and 
sequencing of the S.pombe genome. 

Multiple DNA synthesiser, 
primers for sequencing 

An improved version of the multiple DNA synthesiser is 
under development by the groups of Brian Sproat and Wil-
helm Ansorge, together with the mechanical and electronics 
workshops and the design office at EMBL. The aim is to 
increase the number of primers synthesised simultaneously, 
as well as to synthetise oligonucleotides at a price at least 
an order of magnitude lower than at present. Function and 
reliability of the synthesiser will be tested during the 1991. 

During the past few months we have tested several ap-
proaches to the direct in situ labelling of primers, using 
fluorescently-Iabelled amidites prepared in the group of 
Brian Sproat and other laboratories. The standard post-
labelling of primers is not difficult, but it is time-consuming 
and the quality of the reagents is critical. We have obtained 
very encouraging results with universal primer synthesised 
using labelled amidites provided to us by Pharmacia Biosys-
tem. Clearly, the labelled amidites approach is a key step 
in the simplification of the routine sequencing, e.g. in the 
"walking primer" strategy, both for DNA sequencing service 
facility as well as for large scale projects. 

DNA sequencing service 

Over 60 staff members were regular users of the service. 
Sequencing of single-stranded, plasmid, cosmid and lambda 
DNA is carried out on the EMBL automated fluorescent 
system and its commercial version A.L.F. from Pharmacia 
Biosystem. Recently we added sequencing of PCR products 
and chemical degradation. The sequence information is 
transferred via electronic mail to the user's file on the VAX 
computer. 

Over 2000 clones were processed, with average reading 
above 300 bases, and in good runs readings up to 650 
bases were achieved. Regular discussions with the users 
help to improve the service performance. By far the largest 
influence on sequencing results is the quality of DNA tem-
plate preparation. We give the users a recommended pro-
cedure for plasmid preparation, but the ultimate solution 
is to offer the double-stranded preparations in service, as 
we do for the ssDNA. Variation in quality of biochemicals 
(enzymes, nucleotides, primers, gel solutions) disturbs the 
continuity in routine work. We had to set up "acceptance 
quality control" runs to test new commercial kits. The quality 
of labelled primers is very crucial, and special effort is now 
being devoted to investigating the conditions for synthesis 
of primers of reproducible quality. 

Microinjection and electro-transfection of cells 

The service capacity of the automated injection station was 
significantly increased after addition of the commercial ver-
sion of the device from the Zeiss company to the automated 
microinjection system developed at EMBL. The group un-
dertakes injection experiments in the initial feasibility test-
ing phase of a project and for newcomers. For long-term 
projects we train members of the groups in operation and 
provide maintenance of the equipment. Certain projects are 
carried out in collaboration with the research groups. An 
EMBO course on "Microinjection and Electro-Transfection 
of Cells" was organized at EMBL. 

The equipment for the automated evaluation of microinjec-
tion experiments was further improved. Computer assisted 
evaluation and quantification of fluorescence light emission 
in living or fixed cells at low light levels and in real-time is 
now possible. 

Regular users of the systems were the groups of Spy-
ros Georgatos (injection of antibodies and synthetic pep-
tides, studying their interaction with intermediate filaments), 
Ed Hurt (injection of antibodies to study transport of pro-
teins into the nucleus), Eric Karsenti (injection of pep-
tides and antibodies applied to studies of microtubule dy-
namics in mitotic cells), Thomas Kreis (injection of anti-
bodies and fluorescently-Iabelled proteins, studying micro-
tubule dynamics in living cells) and Ulrich ROther (gene 
targeting in embryonic stem cells). In collaboration with 
the group of Lennart Philipson experiments were carried 
out to characterize the role and interaction of several 
helix-loop-helix proteins (e.g. MyoD) in the G1/S-phase 
transition of the eukaryotic cell-cycle. In a collaborative 
project with the group of Angus Lamond fluorescently-
labelled antisense oligonucleotides made of 2' -OMe RNA 
were injected to label and follow snRNAs in individual living 
cells. 

The electro-transfection technique has been further im-
proved. A quick and inexpensive test for electro-transfection 
efficiency in eukaryotic cells has been developed. The hard-
ware of the system has been further improved in collabo-
ration with the electronic workshop. A method for electro-
transfection of cells grown on glass coverslips was estab-
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lished. The technique was regularly applied by the groups 
of Lennart Philipson and Ulrich ROther. 

External collaborative projects were carried out with: 
E. Friederich (Institut Pasteur, Paris) on microinjection of 
DNA and rhodamine labelled actin, W. Just (University of 
Heidelberg) on electro-transfection and microinjection of 
DNA, and microinjection of organelles, W. Pyerin (Ger-
man Cancer Research Institute, Heidelberg) on microinjec-
tion and electro-transfection of antisense oligonucleotides 
and antibodies against casein kinase II, A. Smith (MRC, 
Cambridge) on gene targeting, both by microinjection and 
electro-transfection. 

Separation of biological particles 

The fluorescence-activated cell sorter was used extensively 
as a service tool during the year. Particular attention was 
paid to questions concerning experimental design, stain-
ing techniques and interpretation of results. In a number 
of cases, staining procedures were also performed for 
the users. Experiments were carried out with groups from 
the Cell Biology, Differentiation and Gene Expression Pro-
grammes. 

There was a wide range of applications this year, including 
the analysis of HeLa cell elutriation fractions, cell cycle anal-
ysis of S.pombe mutants in Draetta's group. The screening 
of samples in transfection assays (Di Lauro) and the study 
of switch chain mutants (Fuller), were both studied using 
FITC single colour immunofluorescence with an aim to en-
rich low frequency positives in a viable form. Two colour 
immunofluorescence has been used to analyse cells from a 
number of tissues from mice in which immune function has 
been compromised by oncogene expression (ROther), and 
to study the differentiation pathways of avian haematopoietic 
cells (Graf). Subcellular components have been analysed, 
in particular the properties of endosomes from Madin Darby 
Canine Kidney cells during fusion experiments (GrOnberg). 

Plans for the coming year include further improvements in 
the recovery of viable sorted cells, the analysis and possible 
sorting of organelles such as the Golgi, the analysis and 
separation of mammalian chromosomes, and the develop-
ment of a "1 g separation system" to be used in conjunction 
with the cell sorter. The initial application of this device will 
be the separation of S.pombe subtypes, as an alternative 
to elutriation methods. 
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Nucleic acid chemistry 
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Modified oligoribonucleotides 

We have developed synthetic methods enabling the solid 
phase synthesis of 0Iigo(2'-0-allylribonucleotides). In col-
laboration with the group of Angus Lamond we have shown 
that these new compounds are superior antisense probes 
for investigating RNA processing compared to the 2'-0-
methyl analogues. In particular they show greatly reduced 
non-specific binding. 

Initially the building blocks for the solid phase phos-
phoramidite synthesis were prepared in analogous fash-
ion to the 2' -O-methyl compounds using allyl bromide 
and 2-tert.-butylimino-2-diethylamino-1 ,3-dimethylperhydro-
1 ,3,2-diazaphosphorin for the allylation reaction. The allyl a-
tion yield was in the range 60-65%. 

In an effort to improve the yields further and reduce the 
reaction times involved in the multistep syntheses of ap-
propriately protected 2'-0-allylribonucleotide monomers we 
showed that the allylation step could readily be effected 
by allyl ethyl carbonate in the presence of a palladium 
(0) catalyst. Thus 3' ,5' -0-(tetraisopropyldisiloxane-1 ,3-diyl)-
2-chloro-6-(2,6-dichlorophenoxy)purine riboside was 2'-0-
allylated in 89% yield in 30 min in refluxing tetrahydro-
furan in the presence of allyl ethyl carbonate, tris(di-
benzylideneacetone)dipaliadium(O) and 1,4-bis(diphenyl-
phosphino)butane. Subsequent treatment of the product 
with sodium azide in N,N-dimethylformamide yielded the 
2,6-diazido derivative. Reduction to the 3' ,5' -O-(tetraiso-
propyl disiloxane-1 ,3-diyl)-2' -0-allyl-2,6-diaminopurine ribo-
side proved difficult and was only successful using the stan-
nous tris(thiophenolate) anion. The above intermediate was 
then used to generate the 2'-0-allylguanosine monomer as 
well as a novel 2'-0-allyl-2-aminoadenosine monomer. 

We expected that the 2-aminoadenosine monomer would 
be very useful for increasing the binding stability of short 

2'-0-allyloligoribonucleotide probes to complementary RNA 
sequences in RNA-protein complexes, as it can form a 
3 hydrogen bond Watson-Crick base-pair with uracil. Ga-
bor Lamm in Angus Lamond's group showed that a short 
biotinylated 2'-0-allyloligoribonucleotide containing five 2-
aminoadenines was successful for more or less complete 
depletion of human U5 snRNP from crude nuclear extracts. 
All other antisense oligonucleotides lacking this derivative 
were unsuccessful due to the very short stretch of free RNA 
sequence available for hybridization. 

To avoid post synthetic labelling we have developed two 
modified 2'-deoxycytidine building blocks, one bearing an 
N-4-tert. butyl benzoyl protected biotin residue on a long 
polar spacer arm and the other bearing a 2,4-dinitrophenyl 
residue. These reagents enable the synthesis of multibi-
otinylated or multi DNP-Iabelled oligonucleotides for affin-
ity chromatography experiments used in conjunction with 
streptavidin-agarose, anti-biotin antibody-coated agarose or 
anti-DNP antibody-coated agarose. These reagents are 
proving to be invaluable for the RNA processing work being 
carried out by Angus Lamond's group. 

In the near future the majority of these reagents will be 
commercialized. 

Oligoribonucleotides 

In collaboration with Prof. C.B. Reese (Kings College, Lon-
don) and Clive Smith of Cruachem Ltd. (Glasgow, Scot-
land) we have been synthesizing and evaluating oligoribonu-
cleotides prepared using the 2'-0-Fpmp protecting group. 
In addition to the standard monomers based on A, C, 
U and G we have prepared suitably protected monomers 
of N6 -methyladenosine, N2 -methylguanosine, inosine and 
pseudouridine. Todate oligomers up to about 36 residues 
in length have been synthesized using this methodology. 
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Mixed sequences of ribo and 2'-0-methylribonucleotides 
should prove very useful and have been used to identify 
specific protein ribose interactions in the polyadenylation 
system in collaboration with Marv Wickens (University of 
Wisconsin, Madison) and Angus Lamond. 

Preliminary experiments to produce stereoregular methyl-
phosphonates of oligoribonucleotides gave encouraging re-
sults. Such compounds are potential anti virals. 

The RNA reagents will be commercially available from Cru-
achem during 1991. 

Oligonucleotide synthesis service 

Expansion of the service increased dramatically during 
1990; a total of 3167 oligonucleotides were synthesized 
during the year (the figures for 1989 and 1988 were 2200 
and 1400 respectively). The demand is now sufficient to 
keep four 3 column Applied Biosystems synthesizers run-
ning more or less continuously. Of this total over 200 were 
2'-0-alkyl RNA and 100 were RNA or mixed RNA/2' -O-alkyl 
RNA. Many of these were labelled with biotin, psoralen 
and/or fluorophores. 

Publications during the year 

Barabino, S.M.L., Blencowe, B.J., Ryder, U., Sproat, B.S. 
& Lamond, A.I. (1990). Targeted snRNP depletion reveals 
an additional role for mammalian U1 snRNP in spliceosome 
assembly. Cell, 63, 293-302 

Beijer, B., Sulston, I., Sproat, B.S., Rider, P., Lamond, 
A.I. & Neuner, P. (1990). Synthesis and applications of 
oligoribonucleotides with selected 2' -O-methylation using 
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2'-0-[ 1-(2-fluorophenyl)-4-methoxypiperidin-4-yl] protecting 
group. Nucl. Acids Res., 18, 5143-5151 

Iribarren, A., Sproat, B.S., Neuner, P., Sulston, I., Ryder, U. 
& Lamond, A.I. (1990). 2'-0-Alkyl oligoribonucleotides as 
antisense probes. Proc. Nat!. Acad. Sci. USA, 87, 7747-
7751 

Pieles, U., Sproat, B.S. & Lamm, G.M. (1990). A protected 
biotin containing deoxycytidine building block for solid phase 
synthesis of biotinylated oligonucleotides. Nucl. Acids Res., 
18, 4355-4360 

Rosenthal, A., Sproat, B., & Brown, D.M. (1990). A new 
guanine-specific reaction for chemical DNA sequencing us-
ing m-chloroperoxybenzoric acid. Biochem. Biophys. Res. 
Comm., 173, 272-275 

Rosenthal, A., Sproat, B., Voss, H., Stegemann, J., Schwa-
ger, C., Erfle, H., Zimmermann, J., Coutelle, C. & Ansorge, 
W. (1990). Automated sequencing of fluorescently labelled 
DNA by chemical degradation. DNA Sequence, 1, 63-71 

Ryder, U., Sproat, B.S. & Lamond, A.I. (1990). Sequence-
specific affinity selection of mammalian splicing complexes. 
Nucl. Acids Res., 18, 7373-7379 

Sproat, B.S., Beijer, B. & Iribarren, A. (1990). New syn-
thetic routes to protected purine 2' -0-methylriboside-3'-0-
phosphoramidites using a novel alkylation procedure. Nucl. 
Acids Res., 18, 41-49 

Patent applied for in 1990 

Sproat, B.S. & Lamond, A.1. 2' -O-Alkylnucleotides and poly-
mers that contain such nucleotides. German patent applica-
tion number P 40 37 363.0. 



Protein chemistry 

Group leader: R.W. Frank* 

Scientists: M. Kraft*, H. Gausepohl* 

Fellows: J. Wallach* 

Assistants: A. Bosserhoff*, E. Davey* 

The microanalytical techniques developed by the group 
were applied to several biological problems. Examples are 
the soluble guanylyl cyclase from bovine lung (Koesling 
et al.), the cell adhesion molecule AMOG (Gloor et al.), 
the serum inducible mouse gene Krox-24 (Lemaire et al.), 
the signal sequence receptor (Prehn et al.) and ,B-COP, a 
110 kDa protein associated with non-clathrin-coated vesi-
cles (Duden et al.). The combination of chemical sequence 
analysis and mass spectrometry allowed the determination 
of the primary structure of two proline-rich antimicrobial 
peptides from bovine neutrophils (Frank et al.). 

Synthetic peptides were used to analyse the phosphoryla-
tion of the cytoplasmic domain of the bovine cation inde-
pendent mannose-6-phosphate receptor (Meresse et al.), 
the substrate specificity of the tyrosylprotein phosphotrans-
ferase (Niehrs et al.) and the RNA-binding domain of the 
54 kDa protein of the signal recognition particle (Romisch 
et al.). By our automated multiple peptide synthesis method 
(Gausepohl et al.) large numbers of peptides were produced 
to map the functional domains in Fos and Jun proteins 
(Adamcievicz et al.), to identify the seroreactive regions 
of the human Papillomavirus type 16 proteins (MOiler et 
al.) and to analyse H IV -1 reverse transcriptase epitopes 
recognised by mouse CD4 lymphocytes. 

NMR and molecular dynamics studies were performed on a 
synthetic peptide corresponding to the mKr2 "zink finger" 
(Carr et al.). The synthesis of DNA-binding peptides of 
the leucine-zipper type was continued (Gausepohl et al., in 
press) and the solution structure of the DNA-binding domain 
of the yeast transcriptional activator GCN4 was determined 
by 2D NMR (Saudek et al.). 

Publications during the year 

Adamkiewicz, J., BrOiler, H.J., Gausepohl, H., Frank, R. & 
MOiler, R. (1990). Mapping of funtional domains in Fos and 
Jun proteins using epitope specific antibodies. Oncogene, 
5, 525-533 

Carr, M.D., Pastore, A., Frank, RW., Gausepohl, H. & 
Rosch, P. (1990). NMR and molecular dynamics studies of 
the mKr2 "zink finger". Eur. J. Biochem., 188, 455-461 

Duden, R., Griffiths, G., Frank, R., Argos, P. & Kreis, 
T.E. (1991). ,B-COP, a 110 kDa protein associated with 
non-clathrin-coated vesicles and the Golgi complex, shows 
homology with ,B-Adaptin. Cell, 64, 649-665 

Frank, R.W., Gennaro, R., Schneider, K., Przybylski, M. 
& Domenico, R. (1990). Amino acid sequences of two 
proline-rich Bactenecins. Antimicrobial peptides of bovine 
neutrophils. J. Bioi. Chem., 265,1871-1874 

Gausepohl, H., Kraft, M., Boulin, C. & Frank, RW. (1990). 
Automated multiple peptide synthesis with BOP activation. 
In Peptides, Chemistry, Structure and Biology: eds. Rivier, 
J.E. & Marshall, G.; Escom, Leiden, pp. 1003-1005 

Gausepohl, H., Kraft, M., Boulin, C. & Frank, RW. (1990). A 
robotic workstation for automated multiple peptide synthe-
sis. In Innovation and Perspectives in Solid Phase Synthe-
sis: ed. Epton, R.; SPCC, Birmingham, pp. 487-490 

Gloor, S., Antonicek, H., Sweadner, K.J., Pagliusi, S., 
Frank, R., Moos, M. & Schachner, M. (1990). The adhesion 
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molecule on Glia (AMOG) is a homologue of the b-subunit 
of the Na.K-ATPase. J. Cell BioI., 110, 165-174 

Humbert, P., Niroomand, F., Fischer, G., Mayer, B., Koes-
ling, D., Hinsch, K.D., Gausepohl, H., Frank, R., Schultz, G. 
& Bohme, E. (1990). Purification of soluble guanylyl cyclase 
from bovine lung by a new immunoaffinity chromatographic 
method. Eur. J. Biochem., 190, 273-278 

Koesling, D., Harteneck, C., Humbert, P., Bosserhoff, A., 
Frank, R., Schultz, G. & Bohme, E. (1990). The primary 
structure of the larger subunit of soluble guanylyl cyclase 
from bovine lung. FEBS, 266,128-132 

Lemaire, P., Vesque, C., Schmitt, J., Stunnenberg, H., 
Frank, R. & Charnay, P. (1990). The serum-inducible mouse 
gene Krox-24 encodes a sequence-specific transcriptional 
activator. Mol. Cell. BioI., 10, 3456-3467 

Luz, C.M., Konig, I., Schirmer, R.H. & Frank, R. (1990). 
Human cytosolic adenylate kinase allozymes; purification 
and characterization. Biochem. Biophys. Acta, 1038, 80-84 

Meresse, S., Ludwig, T., Frank, R. & Hoflack, B. (1990). 
Phosphorylation of the cytoplasmic domain of the bovine 
cation-independent mannose-6-phosphate receptor. Ser-
ines 2421 & 2492 are the targets of a casein kinase-II 
associated to the Golgi-derived HAl adapter complex. J. 
BioI. Chem., 265, 8833-8842 

MOiler, M., Gausepohl, H., de Martynoff, G., Frank, R., 
Brasseur, R. & Gissmann, L. (1990). Indentification of 
seroreactive regions of the human Papillomavirus type 16 
proteins E4, E6, E7, and L 1. J. Gen. Virol., 71, 2709-2717 

Niehrs, C., Kraft, M., Lee, RW. & Huttner, W.B. (1990). 
Analysis of the substrate specificity of tyrosylprotein sulfo-
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transferase using synthetic peptides. J. BioI. Chem., 265, 
8525-8532 

Prehn, S., Herz, J., Hartmann, E., Kurzchalia, T.V., Frank, 
R., Romisch, K., Dobberstein, B. & Rapoport, T.A. (1990). 
Structure and biosynthsesis of the signal sequence receptor. 
Eur. J. Biochem., 188,439-445 

Romisch, K., Webb, J., Lingelbach, K., Gausepohl, H. & 
Dobberstein, B. (1990). The 54 kDa protein of the signal 
recognition particle contains a methionine-rich RNA-binding 
domain. J. Cell. BioI., 111, 1793-1802 

Saudek, V., Pastore, A., Castiglione-Morelli, M.A., Frank, 
RW., Gausepohl, H., Gibson, T., Weih, F. & Rosch, P. 
(1990). Solution structure of the DNA-binding domain of the 
yeast transcriptional activator GCN4. Prot. Eng., 4, 3-10 
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Altmann, A., Moebius, U., Jochmus-Kudielka, I., Frank, R., 
Gausepohl, H., Gissmann, L. & Meuer, S.C. Immunogenic 
determinants of the human papilloma virus type 16 trans-
forming protein E7: Definition with human T-cell lines. Sub-
mitted for publication 

Gausepohl, H., Pastore, A., Saudek, V., Weih, F. & Frank, 
RW. (1990). Synthesis, solution structure and oligonu-
cleotide recognition of leucine-zipper DNA-binding domains. 
In Peptides 1990: eds. Giralt, E. & Albericio, F.; de Gruyter, 
Berlin, New York, in press 

Haas, G., David, R., Frank, R., Gausepohl, H., Devaux, C., 
Claverie, J.-M. & Pierres, M. (1990). Identification of a major 
HIV-1 reverse transcriptase epitope recognized by mouse 
CD4 T-Iymphocytes. Eur. J. Immunol., in press 



Protein chemistry group 

Head: R. Kellner* 

Scientist: D. Nalis* 

Assistant: T. Houthaeve* 

The protein and peptide service unit 

The staff was hired in the first half of the year, and the 
group started the work in July 1990, setting up the Protein 
and Peptide Service Unit in a new laboratory with new 
equipment. The techniques and methods were established 
within a few weeks and sequencing results and synthetic 
peptides have been provided continuously since then. 

Protein sequence analysis 

Microsequencing is performed according to Edman degra-
dation using a pulsed-liquid gas phase sequencer with on-
line microbore-HPLC for identification of pth-amino-acids. 
Spotted or electroblotted samples are sequenced in the 
low-picomol range. Confirmation of the N-terminus to ver-
ify the expressed protein (Suck, Graf) or for structural 
studies (KOhlbrandt) were done. Single amino-acid ex-
changes with recombinant proteins could be detected (Hut-
tner). Chemical and enzymatic digests in situ and in vitro, 
starting with protein amounts down to 15 pmol range, 
gave internal sequence information for protein identification 
and for oligonucleotide probes (Georgatos). Peptide map-
ping to determine phosphorylation sites was achieved by 
numerous HPLC-separations and sequencer runs (Stun-
nenberg). The purification of bacterial membrane pro-
teins was studied varying chromatographical parameters 
(Saraste) and several steps in the sequencing procedure 
(Pattus). N-terminal sequence analysis was carried out to 
confirm the correct sequence of difficult synthetic pep-
tides. 

At present we focus on optimization of methods yielding 
internal sequences and, in particular, of conditions for sam-
ple digests and techniques for micropreparative separation. 
The most important factor for successful microsequencing is 
the good quality of the protein sample preparation. We will 
concentrate on optimization of sequence analysis of very 
small «10 picomole) sample amounts. 

Amino-acid analysis 

Amino-acid analysis proved to be another important tool 
for protein analysis and is supplementary to protein se-
quencing as well as to peptide synthesis. Starting with 
protein amounts in the low picomole range (1-10 picomole), 
after auto-hydrolysis and derivatization in the amino-acid 
analyser, the ptc-amino-acids are detected down to 10-20 
picomole. N-terminal blocked samples, on which it was 
not possible to obtain any sequence information, could be 
detected by amino-acid analysis (Vaux). The amounts of 
protein samples either on PVDF-matrices (Georgatos) or 
in solution (Philipson, Simons) were determined. Charac-
terization of synthetic peptides was done systematically by 
amino-acid analysis. 

Peptide synthesis 

Automated solid phase peptide synthesis, using Fmoc-
chemistry, was established and peptides have been syn-
thesized on variable scale. Cleavage protocols, purification 
and characterization procedures were standardized. In par-
ticular, the equipment for analytical and preparative HPLC, 
together with characterization by amino-acid analysis and in 
special cases by peptide sequencing, guaranteed reliable 
synthetic products. In the first five months 80 synthetic 
peptides were delivered to the users at EMBL. There is 
an increasing demand for post-synthetic modifications of 
peptides, and these special applications are done in parallel 
with the routine work. Specifically, an increase in hydropho-
bicity of synthesized peptides was achieved by esterification 
(Vaux); the formation of heterodimers via disulfide bridges 
was performed and used for NMR studies (Cortese). 

Additional liquid-phase synthesis will be set up for the pro-
duction of series of dipeptides (Sander) and other appli-
cations. Forthcoming special projects will be the synthesis 
of phosphotyrosine-containing peptides (Vaux) and of large 
peptides residues. 
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Computer group 

Group leader: R. Omond 

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

Visitors: W. Gilbert*, R. Lopez Serrano*, L. Pezzi*, F. Tirone* 

The Computer Group is responsible for maintaining the main 
computing facilities at the EMBL. These facilities can be 
viewed as three separate "domains" namely the VAXcluster, 
the Unix workstation environment, and the Apple Macintosh 
personal computer network. In addition EMBL's network 
connectivity, both at the local and international level, contin-
ued to grow in importance to the extent that it has become 
inconceivable for the EMBL not to be part of the world 
network community. 

Major developments of the main 
VAXIVMS facility 

As predicted in last year's report, the VAX 6000-420 ac-
quired in 1989 proved to provide adequate computer ca-
pacity for the whole of 1990. The two vector processors 
ordered in 1989 were both installed in mid-1990 and several 
applications, typically in the areas of crystallography, image 
processing and molecular dynamics, have been tailored to 
take advantage of the processing power of these facilities. 
The performance of the vector processors has more than 
met specification and has already resulted in between three 
and five-fold speedups for certain long-running applications. 

It is a testimony to the effectiveness of the EMBL VAXcluster 
that no further additions to the cluster were deemed neces-
sary so that the configuration remains as before, namely the 
VAX 6000-420 (with 2 vector processors), the VAX 8650, 
the now 9-year old VAX 11/785 (though formally retired), a 
VAXserver 3500, four VAXstation 3200's, seven VAXstation 
3100's, eight VAXstation 2000's and a microVAX-11. The 
number of registered users rose to more than 600. 

Major developments of the Unix 
workstation environment 

Despite a certain amount of reluctance on the part of some 
users, use of the EMBL's Unix workstations has rapidly in-
creased in 1990. Several purchases in this area have made 
it very attractive in terms of available computer capacity 
to work entirely independently of the main VAXcluster. In 

particular we have installed two high-end super graphics 
workstations, the GS2000 from Stardent and the Silicon 
Graphics Iris 40/21 OVGX. Though in some sense competing 
machines, we feel that each of these has something to 
offer the scientific researcher that the other one does not. 
The GS2000 offers the software product AVS (Application 
Visualization System) which enables a non-expert user to 
put together very quickly software solutions to his or her 
problem without resorting to traditional programming. The 
Silicon Graphics Iris, on the other hand, has the advantage 
of having a large existing software base; in particular the 
Insight/Discover package from Biosym has been installed 
on this machine and this is proving very popular. Both of 
these machines have been equipped with stereo. 

At the lower end of graphics capability, we have purchased 
two more DECstation 3100's. These are being used both 
for computationally intensive jobs and also for software 
development, especially in the area of X-windows user 
interfaces which we feel to be the emerging standard for 
two-dimensional graphics. 

In addition a DECsystem 3100, basically a DECstation 3100 
without the graphics option, has been installed to be the 
hub node of the Unix environment. One of the severe 
disadvantages of our Unix machines is the plethora of 
different Unix versions we have to support, each of which 
has its own unique features. We are in the process of 
making the DECsystem 3100 the clear central node of this 
environment. It is hoped that this will make the system 
management of these systems easier. 

The Apple Macintosh personal 
computer environment 

It is estimated that the total number of Apple Macintosh 
personal computers in the EMBL is now approaching 200. 
One major development in this field in collaboration with 
the Library was the purchase of five CD-ROM drives which 
have been attached to a dedicated Macintosh Plus serving 
as a file server. The Medline database has been mounted 
on these drives and scientists now have direct access to this 
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database from any Macintosh within the EMBL. This service 
is becoming extremely popular. 

Local connectivity 

As mentioned in last year's report, the implementation of 
Sun Microsystems' NFS (Network File System) for VMS was 
installed. Although the product VMS-Ultrix Connection was 
satisfactory, we replaced this with MultiNet from TGV, Inc. 
This was important for several reasons. The NFS server 
allows users to see the entire disk storage on the VAX-
cluster in a completely transparent manner, any necessary 
conversions between the two systems being done on-the-fly 
by the server. MultiNet also supports the so-called Berkely 
Urn-facilities such as rsh, rmt, rlogin, rusers etc. urshn (remote 
shell) is the key feature to the plans to allow users to really 
use distributed processing, where, for example, individual 
routines in some procedure might be executed on different 
machines. The distinction between operating systems (Unix 
versus VMS) then becomes less and less important. Several 
interesting developments are planned in this area in 1991. 

External computer network connections 

Another very important feature of the MultiNet product men-
tioned above is that it has provided us with the ability to 
connect the VAXcluster to the Internet, without a doubt 
the biggest and very probably the most important research 
network in the world. While initial connections were prob-
lematic, Internet is becoming the network of choice for the 
EMBL. Indeed it is foreseen that the EMBL will withdraw 
from the EARN (European Academic Research Network) 
and Bitnet by the end of 1991. Internet offers much more 
functionality than the rather archaic Bitnet model of network-
ing. 

The EMBL network file server 

The Network File Server's capabilities were enhanced in 
1990 in collaboration with the EMBL Data Library. While the 
ability to fetch EMBL Nucleotide Sequence Library entries 
continued to be very popular, the service now offered in-
cludes the ability for researchers to run sequence search 
jobs on the latest data and have the results mailed back 
automatically. Use of the entire File Server service has now 
reached some 2,000 to 3,000 requests per month! Indeed 
the File Server is now recognised world-wide as one of most 
important depositories for public-domain molecular biology 
software. It is difficult to over-estimate the usefulness with 
which this is perceived within the research community. 

GCGEMBL sequence analYSis software 

Several new programs were written to provide additional 
functions in the Genetics Computer Group (GCG) package. 
In particular the QUICKSEARCH program, which provides 
a rapid search through the entire EMBUGenBank databank 
for closely related sequences was improved by a factor of 
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10 in run time. This service is now available by electronic 
mail through EARN/Bitnet. 

Several additional programs were written in collaboration 
with Rodrigo Lopez Serrano from the Biotechnology Centre 
of Oslo. New databases were also created. GBONLY holds 
nucleotide sequence entries that are not yet in the EMBL 
databank, and PIRONLY holds protein sequence entries that 
are not yet in SWISS-PROT. These databases are used 
by the QUICK and FASTA E-mail services to provide a 
complete coverage of the available sequence data. 

The programs are now available, as the GCGEMBL, 
GCGQUICK and GCGDBASE packages, by electronic mail 
on the EMBL Network File Server. 

Escherichia coli database 

In collaboration with Manfred Kroeger (Justus-Liebig Uni-
versity, Giessen), the Ecoli Database of known sequence 
data has been maintained and improved. The database 
now contains over 30% of the total sequence of the Ecoli 
chromosome. The Ecoli Database is intended as a model 
system for the collection and integration of data from other 
genome projects. 

DNA sequence assembly 

In collaboration with Wilhelm Ansorge (Biochemical Instru-
mentation Programme) and C. Thomas Caskey (Baylor 
College of Medicine, Houston) the original sequence data 
from the automated sequencing of the human hypoxanthine 
phosphoribosyl transferase (HPRT) gene was analysed to 
determine rules for the more accurate interpretation of new 
sequence data and its automated assembly. 

Publications during the year 

Edwards, A., Voss, H., Rice, P., Zimmermann, J., Ertle, H., 
Stegemann, J., Civitello, A., Caskey, C.T. & Ansorge, W. 
(1990). Automated DNA sequencing of the Human HPRT 
Locus. Genomics, 6, 593-608 

Fuchs, R, Stoehr, P., Rice, P., Omond, R & Cameron, G. 
(1990). New services of the EMBL Data Library. Nucl. Acids 
Res., 18, 4319-4323 

Kroger, M., Wahl, R & Rice, P. (1990). Compilation of DNA 
sequences of Escherichia coli (update 1990). Nucl. Acids 
Res., 18, 2549-2587 

Other references 

Gibson, T.J., Sibbald, P.R & Rice, P. (1990). Rop/Helix-
loop-helix similarity. DNA Sequence, 1, in press 

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

Group leader: G. Cameron 

Scientists, Engineers: H. Bilofsky*, B. Boeckmann, T. Black, D. Emmert, R. Fuchs, D. Hazledine, P. Herde, D. Higgins*, R. Huie, P. Kahno, 
C. Rice*, B. Rochert, M. Sommerfeld, P. Stoehr 

Visitors: A. Bairoch* 

Secretary: F. Duhaney 

Assistants: H. Abassio*, R. Apweiler, M. Becko*, L. Bowden*, C. Byrne*, P. Cairns*, C. Christodoulouo, A. Daskaroliso, M. Draetta*, 
N. England*, E. FOllmer-Hausleo, M. Fricko*, L. Gill*, V. Harvey*, D. James*, R. Kania*, E. Keck*, I. Keck, K. Kelley*, D. Learmonth*, 
T. Mahfood*, D. Michalovich*, M. Schrimpf*, C. Tsindikidouo*, K. Zojero* 

In 1990 we began to see the benefits of the previous years' 
efforts in areas of data management, software develop-
ment and data access. The work done in creating links 
between different kinds of data (mostly via SWISS-PROT) 
has been particularly pleasing as have the improved data 
exchange mechanisms between GenBank, EMBL and the 
DNA Database of Japan (DDBJ). 

Progress in encouraging the direct submission of data to 
the databases was, however, not so heartening. By the end 
of 1990 we were receiving 80% of the data directly from 
researchers rather than abstracting them from the literature 
but the remaining 20% of published data not submitted is 
equivalent to the entire input in 1986. 
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The data collections 

The range of information offered by the EMBL Data Library 
increased dramatically in the course of 1990. Databases 
now distributed include: 

Nucleotide and protein sequence data - The nucleotide 
sequence database grew by over 50% in 1990 to almost 53 
million base pairs while the SWISS-PROT collection grew 
from 3.8 million to almost 6 million amino-acids. Plate 56 
shows the growth of these two collections. The nucleotide 
sequence database continues to be the main endeavour of 
the group, but increasingly we are distributing other related 
databases. 

EPO - eukaryotic promoter database - This is a prototype 
"affiliated data unit". It contains no actual sequence data, but 
has pointers to eukaryotic promoters in the EMBL database 
with additional biological information about these promoters. 
EPD is maintained by Philipp Bucher at Stanford University. 

ECO - the E.coli database - EGD is a collection of E.coli 
gene sequence data from EMBL, GenBank and the scientific 
literature. EGD contains additional information about map 
locations and overlaps in reported sequences, thus allowing 
the assembly of contigs. Evaluation of the data in EGD 
shows that more than 30% of the E.coli genome is now 
sequenced. EGD is maintained in collaboration with Manfred 
KrOger, Giessen and Peter Rice from the EMBL computer 
group. 

PROSITE protein pattern database - This database lists 
details of more than 300 amino-acid sequence patterns 
characteristic of certain protein families along with addi-
tional data on the significance of these patterns and cross-
references to SWISS-PROT. Prosite has already developed 
into a highly respected information source. It is maintained 
by Amos Bairoch at the University of Geneva and distributed 
by the EMBL Data Library. 
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ENZYME database - Amos Bairoch's ENZYME database 
contains information about the known enzymes, including 
E.C. numbers, official names, catalyzed reactions and cross-
references to SWISS-PROT. 

REBASE, restriction enzyme database - REBASE lists 
the known restriction enzymes together with their recogni-
tion sequence and the commercial suppliers. It is maintained 
by Rich Roberts of Cold Spring Harbor Laboratory. 

Brookhaven protein structure database - Over the last 
few years, entries from the Brookhaven protein structure 
database have been available from the file server. The 
EMBL server is the only place in the world which provides 
free access to the PDB data. 

TFD, transcription factor database - The TFD transcrip-
tion factor database is a new database, maintained by David 
Ghosh at NCB!. It contains information on transcription 
factors, their genes and target sites and cross-references 
to SWISS-PROT and EMBL. 

Drosophila genetic map database - This database, main-
tained by Michael Ashburner, Cambridge, U.K., is a collec-
tion of pointers to Drosophila sequences with associated 
bibliographic information, genetic map data, gene names 
and synonyms. 

Multiple DNA sequence alignments and consensus se-
quences - We have recently begun to make available 
multiple DNA sequence alignments and DNA consensus 
sequences which cannot easily be integrated into the EMBL 
database. The Data Library now accepts such data and 
assigns accession numbers to them. 

ENZYME 
l Ee nomenclature 

I REBASE l Restriction enzymes 

Listing of molecular biology databases - liMB is a 
database of databases, i.e. it contains detailed information 
on the different molecular biological databases available. It 
is maintained by the Los Alamos National Laboratory. 

Sequence analysis bibliography - SeqAnalRef is a listing 
of articles which deal with sequence analysis and bioinfor-
matics. It is maintained by Amos Bairoch, Geneva. 

Codon usage tables - Several codon usage tables, in a 
format suitable for the GCG software package, are available 
from the file server. 

Links between databases 

It is becoming increasingly clear that the databases must 
take advantage of specialist expertise throughout the sci-
entific community if they are to provide detailed biological 
information. The best way to do this is to build cross-links 
between various specialist collections. SWISS-PROT has 
long been a leader in cross-referencing, and in the course 
of 1990 we have expanded the cross-referencing and ex-
tended it to the nucleotide sequence collection. Plate 57 
shows the cross-links now maintained. 

Data management 

Having completed the installation of our nucleotide se-
quence database in the ORACLE®RDBMS during the au-
tumn of 1989, we have since begun to reap the benefits 
of a state-of-the-art data management system in terms of 
the ease with which we can change the database structure 
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and can build software on top of the database. Some of the 
more significant enhancements during 1990, made possible 
by the installation in the RDBMS, include: 

standardization of species common names and con-
sistent application of a taxonomic classification to all 
database sequences; 
adoption of the ISO/ANSI/NLM standard for journal 
abbreviations; 
introduction of taxonomic divisions in the distribution 
format; 
introduction of the new, common DDBJ/EMBU 
GenBank feature table; 
appearance of cross-references to the SWISS-PROT 
and EPD databases 
date/release number/version number audit trail in data-
base entries; 

Subsequent to the installation of the database in ORACLE, 
we have built a new data inpuVupdate system using 
Oracle's 4GL application generator SQL * Forms. This al-
lows Data Library staff to input, update and query the 
database and provides an environment which is many times 
more productive than our old pre-RDBMS software sys-
tem. 

The DDBJ, EMBL, GenBank collaboration 

During the course of 1990 a major improvement was 
made to the data exchange system by which we incor-
porate data from the GenBank and DDBJ databases: we 
are now able to incorporate 95% of all updates made by 
GenBank and DDBJ entirely automatically into the EMBL 
database. The existing electronic mail systems for data 
exchange continued to function, meaning that additions 
and updates to the GenBank and DDBJ databases ap-
pear in the EMBL database within 24 hours. Of perhaps 
even greater significance was the agreement in 1990 on a 
new, common data exchange protocol between the three 
databases. Based on a relational data model, it will allow us 
to move much closer towards the goal of a Single distributed 
database, and is planned to come into operation during 
1991. 

The protein sequence databases 

As in the past, the European, Japanese and American 
nucleotide sequence databanks continued to forward pro-
tein coding data to their corresponding protein sequence 
databanks. 

Data distribution 

Quarterly releases continued, as for the last two years, 
to be distributed on magnetic tape and CD-ROM. There 
is a steady and pleasing tendency for users to request 
CD-ROM rather than tape. CD-ROM is cheaper to produce 
and distribute. More than half of our 300 subscribers now 
use CD-ROM. 
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Network fileserver 

At the beginning of 1988 we first started to offer nucleotide 
sequence data between quarterly releases via a network 
fileserver. This service was popular right from its inception 
but the fact that we now exchange data with GenBank in real 
time and the introduction of other new services have caused 
a surge in the use of the fileserver in 1990. At the end of 
1990 about 3000 requests per month were being processed. 
Services now available from the fileserver include: 

transmission of the latest nucleotide sequence data; 
transmission of the latest SWISS-PROT data; 
more than 100 different public domain or shareware 
programs for MS-DOS, Apple Macintosh, VAXNMS, 
and UNIX; 
mail-FASTA allowing external users to search the 
databases available at EMBL by just sending their 
sequences bye-mail to EMBL; 
mail-Quicksearch - an alternative to mail-FASTA al-
lowing more rapid scanning of the DNA sequence 
database for very similar sequences. 

EMBnet 

The EMBnet project linking biocomputing research centres 
throughout Europe made significant progress in 1990, with 
14 of the 17 nodes now receiving daily updates of the nu-
cleotide sequence database via the network. The project will 
receive EC funding in 1991 allowing the range of services 
offered to be expanded. 

Sequence analysis research 

Relationships between sequences 

The distinct sequences in the database, are of course, often 
related to each other - they fall into families of similar 
function. With detailed biological knowledge and by building 
phylogenetic trees some of these relationships can be deter-
mined, but we feel the need for a more automatic method 
for exploring the possible relationships of new sequences 
to the contents of the database. With this in mind we have 
developed a method which attempts to locate individual 
sequences in low dimensional space while representing the 
pair-wise distances between them (given by some sequence 
similarity metric) with the least possible loss of accuracy. 

Aside from the advantage of relative automation, the mUlti-
variate technique used has the added benefit of allowing the 
estimation of the probability that a given sequence belongs 
to a given group. 

Plate 58 shows the first two dimensions of an analysis of 
226 globin sequences. 

The major groupings of the globins separate well on the 
chart and the positions of 5 outliers are highlighted and their 
PIR database names are indicated. These 5 sequences· are 
all known to be phylogenetically intermediate between the 
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main groupings. On a phylogenetic tree these intermediate 
sequences would be arbitrarily assigned to one of the main 
groups; their intermediate positions would not be at all 
apparent. 

High speed DNA database searches 

The task of comparing sequences to determine whether 
they are biologically related is extensively researched. The 
more prosaic task of determining whether sequences are 
nearly identical has received little attention but is crucial to 
the databases. Efficient methods are required to determine 
whether new sequences and sequences in the database 
are the same, overlap, or differ only within the margin of 
sequencing error. Using unnecessarily sensitive sequence 
comparison methods such as FASTA for this task can easily 
consume hours of mainframe computer time. We have de-
veloped a method for screening the entire EMBL database 
in a few seconds for sequences with very high similarity 
to a query sequence. The program is designed to be used 
on both VAX mainframes and IBM PC's (with the database 
as supplied on CD-ROM). On the PC, it takes between 20 
seconds and 1 minute per 100 bases of query sequence 
to perform a search of the entire database. We will start to 
distribute the software for doing this on the EMBL CD-ROM, 
in the Spring of 1991. 

Scientific advisory committee 

The annual meeting of the International Advisory Commit-
tee for the nucleotide sequence databases took place in 
Mishima, Japan in March and the European members met 
in Heidelberg in August. The Advisors expressed satis-

faction with the improved data throughput and suggested 
a future emphasis on the presentation of the contents of 
the three databases as a unified whole allowing users to 
subscribe to only one database. At the European meeting 
the main recommendation was for a management study 
to be sponsored collaboratively with the EC to investigate 
how to support the Data Library and related services in the 
future. 

Support for the Data Library 

The Data Library is currently supported jointly by the Labo-
ratory's budget and by the EC under the BAP programme. 
Details are now being finalised for continued EC support 
under the BRIDGE program which should run for two years 
from March 1991. 

The European Bioinformatics Institute 

It is becoming clear that the sheer volume of data which 
will be generated by major sequencing efforts will require 
that the Data Library expand to a size where EMBL will 
be an inappropriate host. Increases in the complexity of the 
information to be represented and growing user demand will 
also stretch our resources and add to the need for major 
expansion. 

To cope with these problems a new European Bioinformatics 
Institute (EBI) is planned, and in the Summer of 1990 
Howard Bilofsky joined EMBL to help with this planning. The 
EBI will: 

continue to provide the information services currently 
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provided by the Data Library; 
develop the database structure and software tools to 
cope with the anticipated increases in volume, com-
plexity, and demand for the data; 
work on the design of the next generation of biological 
sequence databases; 
carry out research in bioinformatics and database de-
sign; 
collaborate extensively with other European database 
providers and centres of scientific expertise; 
provide training and consultancy. 

Continued progress in refining the design of the EBI and 
communicating this to the scientific community has been 
made. The next year will bring new efforts in finalizing a 
thorough management consulting study of the Institute's 
design. 

Publications during the year 

Atkins, G.J., Daly, E.A., Sheahan, B.J., Higgins, D.G. 
& Sharp, P.M. (1990). Multiple sclerosis and molecular 
mimicry. Neuropathol. and Appl. Neurobiol., 16, 179 

Bairoch, A. & Data Library Staff (1990) SWISS-PROT re-
lease notes and user manual. Releases, 13, 14, 15, 16 

Cameron, G. & Stoehr, P. (1990). Sequence databases from 
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EMBL. In Computers in Endocrinology: Recent Advances: 
eds. Guardabasso, V., Rodbard, D. & Forti, G.; Raven 
Press, New York 

Data Library Staff (1989). EMBL Data Library release notes 
and user manual. Releases, 22, 23, 24, 25 

Fuchs, R. (1990). Free molecular biological software avail-
able from the EMBL file server. CABIOS, 6, 120-121 

Fuchs, R., Stoehr, P., Rice, P., Omond, R. & Cameron, G. 
(1990). New services of the EMBL Data Library. Nucl. Acids 
Res., 18, 4319-4323 

Sharp, P.M., Higgins, D.G., Shields, D.C. & Devine, K.M. 
(1990). Protein-coding genes: DNA sequence database and 
codon usage. In Molecular Biological Methods for Bacillus: 
eds. Harwood, C.R. & Cutting, S.M.; John Wiley & Sons, pp. 
557-569 

Sharp, P.M., Higgins, D.G., Shields, D.C., Devine, K.M. 
& Hoch, JA (1990). Bacillus subtilis gene sequences. In 
Genetics and Biotechnology of Bacilli: eds. Zukowski, M.M., 
Ganesan, A.T. & Hoch, J.A.; Academic Press, pp. 89-98 

Sommerfeldt, M., Weiler-Goettler, H., Papandrikopoulou, A., 
Mischek, U., Bonitz, D., Frey, A., Grupe, M., Scheerer, J. & 
Gassen H.G. (1990). Synthesis of Apolipoprotein A-1 in pig 
brain in microvascular endothelial cells. J. Neurochem., 54, 
444-450 
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The director's group 

Group leader: L. Philipson 

Scientist: V. Sorrentino 

Fellows: C. Cicala*, C. Ciccarelli*, G. Giannini*, B. Kallin*, R. de Martin, G. Marziali*, FA Peverali* 

Visitor: E. Coccia* 

Assistant: A. Charlesworth 

Since the introduction of the cell cycle concept two ap-
proaches to study growth regulation of cells have been pro-
posed. One claims that cells are naturally quiescent requir-
ing a stimulatory encounter with growth factors for induction 
of cell division. The other considers cellular multiplication 
as the natural steady state; cessation of multiplication is 
thus a restriction imposed on the system. In the latter case 
emphasis is mainly on the signals involved in arrest of 
multiplication. 

Our group is studying specific events occurring in mam-
malian cells at growth arrest, senescence and terminal 
differentiation specifically emphasizing growth inhibitory fac-
tors, growth suppressor genes and other signals for growth 
suppression. 

By subtractive cDNA cloning we identified in NIH 3T3 cells 
genes which are down-regulated when the cells are stimu-
lated to reenter the growth cycle. The expression of these 
growth arrest specific (gas) genes is repressed by serum 
stimulation or specific growth factors. Some of the gas 
genes are also expressed at low levels in exponentially 
growing cells but RNA is more abundant when cells reach 
confluency or become quiescent by other means. These 
genes are, however, expressed in vivo during embryo de-
velopment and are distributed in a tissue-specific manner in 
both newborn and adult mice organs. They may, therefore, 
playa role in cell or organ physiology and not be directly 
involved in control of growth arrest. We are continuing to 
identify the function of the gas genes to verify whether they 
have a role in controlling cell proliferation. During last year 
in collaboration with Dr. Claudio Schneider at the ICGEB 
in Trieste the structure of the full-length cDNA of the gas 6 
gene was determined and it appears to be homologous with 
the bovine and the human form of protein S in the coagula-
tion system. When cells reach confluency large amounts of 
the murine protein S are secreted from the arrested NIH 3T3 
cells but in actively growing cells little protein S is secreted 
from the cell. This link between the coagulation system and 
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growth arrest may be of interest since protein S together 
with protein C can function as a negative regulator of the 
proteolytic activity of thrombin in the coagulation pathway. 

The studies on the gas 3 full-length cDNA which appears 
to encode a membrane protein with 3 membrane spanning 
regions were published last year (Manfioletti et al., 1990). 
Our investigations on the regulation of expression of the 
gas genes in mouse fibroblasts after serum stimulation, 
establishing that only gas 1 is transcriptionally controlled 
and several of the other gas genes are posttranscription-
ally down-regulated after growth induction, have also been 
published (Ciccarelli et al., 1990). Currently the gas 1 pro-
moter structure is being studied in detail to understand its 
transcriptional regulation. 

The work on the gas 5 cDNA and its gene which is highly 
expressed in density inhibited Friend leukemia cells is con-
tinuing. Antibodies against over-expressed gas 5 protein 
have been produced revealing that the protein is probably 
less abundant than the mRNA during growth arrest. A report 
on the gas 5 gene is currently being prepared. 

The gas gene mRNAs are present in arrested fibroblastic 
cells, both primary and established cell lines, but are absent 
in arrested epithelial cells. Since transforming growth factor 
TGF,B is a potent inhibitor of cell proliferation in epithelial 
cells but less effective in fibroblastic cell lines new cDNA 
libraries have been prepared both from arrested epithelial 
cells and from TGF,B inhibited cells using the procedure 
that led to the identification of the gas cDNAs of fibroblastic 
NIH 3T3 cells. A mink epithelial cell line, CCL64, was used 
for generating these cDNA libraries. Three genes were 
identified which are regulated by TGF,B in these cells. Two 
of them are activated by TGF,B but with different kinetics. 
They are similar to the immediate early gene (JE) and the 
plasminogen activator inhibitor (PAI-1) gene respectively. 
They appear to be induced by TGF,B irrespective of whether 
TGF,B is applied to actively growing or arrested cells. In 



addition several other clones previously known to be upreg-
ulated by TGF,B like collagen and fibronectin were found in 
this cDNA library. 

In addition a novel clone was identified which is down-
regulated by TGF,B as well as by addition of serum. It thus 
behaves in epithelial cells like the gas genes in fibroblastic 
cell lines. It appears to be distantly related to a human mem-
brane glycoprotein that is expressed during early stages 
of melanomas. In this case, however, down-regulation was 
less prominent when actively growing cells were treated with 
TGF,B. 

To find a simpler system to study the function of TGF,B we 
attempted but failed with the PCR technique to find this evo-
lutionary conserved gene in Schizosaccharomyces pombe. 
In the process another well preserved gene from eukaryotic 
cells, the cyclophilin, was identified and characterized (de 
Martin & Philipson, 1990). 

The growth inhibitory activity of isolated cDNAs was studied 
by microinjection of cDNA clones under a promoter which 
is active during growth arrest and subsequent analysis 
of cellular DNA synthesis. To verify whether inhibition of 
growth is an early event in terminal cell differentiation we 
first studied the effect on DNA synthesis of the MyoD1 
gene, which can induce myogenesis in a variety of cells. 
Cell cycle withdrawal seems to be a prerequisite for dif-
ferentiation at least of haematopoietic and muscle cells. 
In mouse fibroblasts inhibition of cell proliferation occurs 
within 18 hrs after injection of the MyoD cDNA expressed 
from a MSV LTR promoter, but muscle proteins like myosin 
and desmin only start to be synthesized after 72 hrs. The 
serum induced GO/G1 transition in the cell cycle can also 
be blocked by prior injection of the MyoD cDNA into quies-
cent NIH 3T3 cells. By analysis of several mutants of the 
MyoD gene it appears that the helix-loop-helix (HLH) motif 

of the protein, which has a corresponding domain in the 
myc genes, is required for cell cycle inhibition. However, 
substitution of the basic domain with a related motif from 
another HLH-containing transcription factor, E12, inhibits 
growth but cannot induce muscle differentiation (Sorrentino 
et al., 1990). It therefore appears that inhibition of DNA 
synthesis is controlled separately from myogenic differen-
tiation. This is also corroborated by the findings that an 
epithelial cell line CV1, which cannot undergo myogenic 
conversion, shows strong inhibition of DNA synthesis upon 
injection of the MyoD1 gene. The growth inhibitory effect of 
MyoD1 may be due to heterodimer formation with similar 
transcription factors in the cell. It is therefore tempting to 
suggest that an interplay between similar factors not only 
controls induction of terminal differentiation but also initiates 
or maintains growth arrest in differentiating cells. 

Publications during the year 

Ciccarelli, C., Philipson, L. & Sorrentino, V. (1990). Regu-
lation of the expression of growth arrest specific genes in 
mouse fibroblasts. Mol. Cell. BioI., 10, 1525-1529 

Manfioletti, G., Ruaro, M.E., Del Sal, G., Philipson, L. & 
Schneider, C. (1990). A growth arrest-specific (gas) gene 
codes for a membrane protein. Mol. Cell. BioI., 10, 2924-
2930 

De Martin, R. & Philipson, L. (1990). The gene for cyclophilin 
(peptidyl-prolyl cis-trans isomerase) from Schizosaccha-
romyces pombe. Nucl. Acids Res., 18, 4917 

Sorrentino, V., Pepperkok, R., Davis, R.L., Ansorge, W. & 
Philipson, L. (1990). The MyoD1 gene inhibits cell prolifera-
tion independently of myogenic differentiation. Nature, 345, 
813-815 
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The Outstation at the DESY, Hamburg 

Head: K.S. Wilson 

Scientists: C. Betzel, M. Bohm, Z. Dauter, J. Hendrix, C. Hermes, M. Koch, Y. Maeda, G. Nicolae, H.-F. Nolting, K. Petratos*, Z. Sayers, 
C.E. Vorgias 

Fellows: G. Evans, S. Fujita*, M. Hennig, S. Klupsch, G. Lange*, L. Lee*, P. Loeffen, P. Padas*, S. Pfeffer, G. Rapp 

Long-term visitors: E. Alexandraki, A. Antson, G. Garrido, E. Harutyunyan, V. Lamzin, E. Rokita, W. Rypniewski 

Short-term visitors: S. AI-Karadaghi, G. Andersen, A. Antson, A. Arner, B. Arni, C.C. Ashley, A. Bagni, K. Bartels, H.-H. Bartsch, H.-D. Bartunik, 
R. BassOmer, V. Beecken, W. Bennett, C. Berthet, A. Bigi, K. v. Bohlen, K. Brandenburg, A. Bruhnsen, G. BOldt, M. BOhner, J. Cavarelli, 
G. Cecchi, E. Cedergren, M. Coli, C. Collyer, S. Cusack, G. Davies, H. Decker, NA Dencher, B. Dettmer, M. Donatz, B. Donzelmann, A.K. Duhme, 
U. Evers, G. Ewald, S. Gamblin, N. Genov, L. Germeroth, R. Gordon, P.J. Griffiths, N. GOnther, H. Hansen, K. Harlos, E. Harutyunyan, B. Hazes, 
A. Headfield, D. Heese, L. v.d. Heidt, R. Henderson, R. Hilgenfeld, W. Hinrichs, L. Howell, Q. Huang, G. HObner, E. Huizinga, H.E. Huxley, 
M. Ito, L. Jacob, K. Jacquet, Y. Jones, M. Jusupov, H.-R. Kalbitzer, N. Kamiya, C. Klein, M. Knossow, M. Kockerling, S. Koenig, N. Krauss, 
M. Kriechbaum, W. KOhlbrandt, P. Laggner, A. Lahm, V. Lamzin, R. Lapatto, G. Larsson, A. Leslie, J. Li, J. Littlechild, S. Lorenz, F. Mallet, 
E. Mandelkow, E.-M. Mandelkow, A. Marli, A. Marx, A. Mattewi, Y. Mauguen, N. McDonald, P. McLaughlin, P. Metcalf, S. Meyer, H. Michel, 
A. Mitchler, H. Monaco, D. Moras, Y. Muller, D.B. Murphy, G. Musil, J. Newman, H. Notbohm, S. Nyborg, J.D. Oliver, M. Parker, H. Patel, 
J. Pedersen, R. Pettifer, J. Pless, K. Poole, D. Popp, A. Potersman, S. Priggemeyer, W. Quail, M. Rappolt, T. Reckstein, P. Rehse, T. Richmond, 
A. Richter, P. Rigolet, K. Ritsert, M. Rizzi, K. Rohm, M. Rohm, E. Rokita, A. Rompel, N. Roveri, S. Rupp, D. Sargent, A. Schiemann, B. Schlesier, 
M. Schrumpf, T. Sixma, D. Smith, G. Somjen, D. Stammers, T. Stehle, R. Sterner, A. Stewart, R. Storm, D. Stuart, M. Stubbs, D. Suck, C. Sudfeldt, 
L. Summers, A. Teplyakov, I. Tews, J.-C. Thierry, S. Thirup, G. Thoms, A.-M. Thunnissen, R. Todd, J. Tormo, J. Troller, D. Tsernoglou, G. Tsiotis, 
A. Tucker, P. Tucker, C. Vlachantoni, A. Volbeda, N. Volkmann, H. Watson, W. Weber, A. Wegner, C. Weigt, M. WeiB, S. Weston, D. Wigley, 
H. Winkler, H.T. Witt, I. Witt, J. Wray, A. Yonath, L. Yu, G. Zanotti, B. Zanten 

Assistants and engineers: P. Bendall, P. Brouillon, M. DauterO, T. Gehrmann, A. Kingswell, R. Kli:i.ring, M. Kretzschmer, S. McLaughlin, A. Miegel, 
J. Pijpelink, V. Renkwitz, B. Robrahn, H. Terry, M. Visanji* 

The DORIS ring acted as a source of x-rays for rather 
less time than expected in 1990. There were roughly 
five weeks of useful parasitic beam-time followed by five 
weeks of main-user time, but within each there were un-
fortunately times of instability of the source. Neverthe-
less we made good use of the time available, preferen-
tially giving beam-time to those projects which had al-
ready been started and could be finished off, and to those 
given high scores by the priorities committee. In spite of 
these limitations we had about 150 visitors during the 
year. 

In June the ring shut down for a prolonged period to al-
low the construction of the "by-pass". As described last 
year this entails the construction of a series of seven 
straight sections on one side of the DORIS ring, each 
of which can accommodate an insertion device: a wig-
gler or an undulator. One of these, beam-line 7, is to 
be a wiggler station for EMBL. The by-pass also re-
quires that we "turn around" beam-lines X11 and X13, 
which have already been removed from their old posi-
tion in our bunker, to take radiation from the electron 
rather than the positron beam. We are thus at present 
surviving in the middle of a building site, with substan-

tial modifications still to be made to the Outstation build-
ings. 

The first beam-lines to become active will be X31, X33 
and the EXAFS lines in HASYLAB, which have not been 
moved. We hope these will be operational again in mid-
1991. They will be followed later in the year by the recon-
struction of X11 and X13, and in early 1992 by the wiggler 
line. Details of the lines are given below. It is difficult to 
give accurate dates for the next beam-time under these 
conditions. We are dependent on the satisfactory progress 
of the building programme, a mild Hamburg winter, the 
completion of what is essentially a new ring, and the in-
stallation of our new and refurbished beam-lines on this 
ring. 

It is planned that the situation in Hamburg will stabilise 
thereafter, with no major shut downs of DORIS foreseen 
during 1992-1994. A call for new proposals for beam-time 
will be made when we are more certain of the start-up dates, 
and the priorities committee will be reconvened. At the next 
meeting of the committee we plan to have a user meeting 
to facilitate the exchange of views between ourselves, our 
users and the committee. 
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Instrumentation (J. Hendrix, M. Bi:ihm, 
G. Nicolae, A. Lentfer & J. Pijpelink) 

Beam lines (J. Pijpelink) 

We briefly give an overview of the beam-lines for EMBL in 
the new experimental hall. Due to the bypass project, the 
existing EMBL beam-lines X11 and X13, taking synchrotron 
radiation from the positrons, had to be removed, and will be 
rebuilt in the new hall. These beam-lines will in the future be 
supplied by electron synchrotron radiation, which means an 
increase in effective beam-time available. No major changes 
are foreseen. The optical elements will be closer to the 
source, which means an increase in intensity of the x-rays 
at the experiment. 

The X11 beam-line will be used for crystallography exper-
iments, and will have a variable wavelength range from 
about 0.9 A to 2 A. The monochromator is a triangular, bent 
germanium 111 crystal with a 7°asymmetric cut, providing 
focusing of the beam in the horizontal direction, which is 
followed by a bent quartz mirror, for focusing in the vertical 
direction. This mirror has 8 segments, each of which is 20 
em long. The demagnification of the mirror is a factor 4-5 
to 1. 

The X13 beam-line will mainly be used for muscle exper-
iments, and will operate at a fixed wavelength of about 
1.5 A. This beam-line has a triangular, bent germanium 111 
monochromator, which also has an asymmetric cut of 7°, 
and a mirror equivalent to that of the X11 beam-line, but 
which demagnifies the source by a factor of 3. 

In the straight-through section, which was until now not 
used for experiments, a beam-line (X12) is planned, partly 
for test purposes, and partially as an extension of the 
crystallography experimental stations. This beam-line has 
the advantage over X11 in that it can be used for Laue 
experiments with the white beam incident on the sample. 
Initially, a channel cut silicon 111 monochromator as in the 
EMBL beam-line X31 in the existing HASYLAB experimental 
hall will be installed. The optical elements of this beam-line 
will be constructed in such a way that they can easily be 
exchanged. 

In addition to this, EMBL will get a beam-line which re-
ceives radiation from insertion device number 7, an x-ray 
wiggler. The components of this beam-line which are in-
side the DORIS ring are supplied by HASYLAB. All optical 
elements will be installed outside the DORIS ring. As first 
optical element a plane silicon carbide mirror, which will be 
coated with rhodium, is planned. In addition, one or several 
carbon foils and a beryllium window will be built in, for 
vacuum protection, reducing the thermal load and filtering 
the long wavelength components out of the x-ray beam. 
The minimum value for the cut-off wavelength will be about 
0.5 A. After the pre-mirror, the beam-line will be split into 
two branches: a straight through branch, which can receive 
white radiation, and a side branch. 

The side branch will be supplied with x-rays by a single 
crystal monochromator. This crystal will be a triangular, 
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bent germanium crystal, and the beam-line will be fixed 
at a wavelength of 1.0 A. This has the advantage that 
the bending radius of the crystal is fixed, which allows for 
a relatively simple cooling of the monochromator crystal. 
Directly behind this monochromator, a bent mirror will be 
installed, for focusing the x-rays in the vertical direction. A 
3:1 demagnification is planned. This side branch will mainly 
be used for small-angle scattering experiments. 

The straight through branch of the wiggler beam-line is de-
signed for crystallography and EXAFS experiments. White 
beam experiments will be possible. A non-focusing two 
crystal silicon monochromator with constant exit height is 
planned, followed by a toroidal focusing mirror. The wave-
length range of interest is from 0.5 A to about 2 A. 

The imaging plate detector system 
(J. Hendrix & A. Lentfer) 

Since the imaging plate scanner has been continuously in 
use for two years now, it is of interest to describe its charac-
teristics in some detail. During 1990, a second scanner has 
been brought into operation to serve both crystallography 
beam-lines. The excellent results which have been obtained 
in over 100 protein crystallography data sets have convinced 
many researchers of the high quality of this system. Al-
though originally developed for protein crystallography this 
device has also been used very successfully in muscle 
diffraction experiments. 

As a result a licence contract has been signed between 
EMBL and a Hamburg company (MAR RESEARCH). The 
introduction of the device into the x-ray market seems to be 
rather successful. To recapitulate, the imaging plate scanner 
detector system is based on the capability of a layer of 
BaEuF:Br to store x-ray patterns. Our system has a single 
circular imaging plate which is fixed into the scanner itself. 
After exposure, the pattern is read-out in a record-player 
manner. Thus the scanner itself is part of the diffraction 
set-up, instead of being off-line. The characteristics of the 
scanner are best expressed by some representative results. 

The Hamburg imaging plate scanner consists of a single 
fixed imaging plate of 180 mm diameter (type Fuji, high 
resolution HR III). Priority was given to a high efficiency 
read-out system which shortens the scan time without sacri-
ficing accuracy in the data. The read-out time is now only 70 
seconds with an additional 20 seconds for the erasure i.e. 
the total interruption between exposures is only 90 seconds. 
This short time makes the use of several plates, which are 
exposed and scanned alternatively, unnecessary for most 
applications. 

The use of a single fixed imaging plate also enables the 
accurate calibration of the response and the correction for 
mechanical imperfections. A correction file for these minor 
imperfections over the entire plate (of the order of ±5%) is 
made by homogeneous illumination by a radioactive source. 
As a result the corrected image corresponds to a constant 
sensitivity within photon counting statistics over the entire 
area. The following experimental results demonstrate the 
uniformity of the response. 



PLATE 59 

(a) A section through the pattern on an imaging plate homoge-
neously illuminated on the Hamburg scanner. 
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Plate 59 (a) shows a section through the imaging plate 
pattern after illumination with a Fe-55 source and correction. 
The response is flat to within statistical fluctuations. A typical 
pulse height distribution for such a pattern is shown in Plate 
59(b). Experience over the past two years shows that the 
sensitivity of the imaging plate and the scanner do not 
change measurably even after thousands of cycles or as 
a function of time. The response of the imaging plate is 
practically temperature independent. 

The sensitivity of the entire system is adjusted in such a way 
that on average one absorbed photon of 8 keV corresponds 
to one least significant bit (LSB) of the analog-to-digital 
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The signal height distribution of the intrinsic noise of an unexposed 
imaging plate. An offset of 27 ADC units has been added intention-
ally. 

(b) Signal height distribution of the total active area of a homo-
geneously illuminated imaging plate. 
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converter. This calibration has been carried out with a Fe-55 
source which was measured with a high-purity Germanium 
solid-state detector. 

The capability of detecting single photon counting events 
requires an extremely low intrinsic noise level. Plate 60 
illustrates the signal height distribution of an unexposed 
plate. A positive offset from zero of about 27 ADC-units was 
made intentionally to show clearly the gaussian distribution 
of the "dark signal". The sigma of the intrinsic noise is 2.5. 

The linearity of the response of the system over the range 
from zero to 32,000 is illustrated by Plate 61. 

30000 

i u o 20000 :s 

10000 

2 4 6 8 10 
time-equivaJent 

PLATE 61 

The linearity of the response of the imaging plate up to a signal of 
32,000. 
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PLATE 62 

(a) A region of 100 x 1 00 pixels of a crystallography pattern 
recorded on the imaging plate. The pixel width is 150 f.Lm. 

There has been much discussion about the spatial reso-
lution and/or the point spread function (PSF) of detector 
systems. The pixel size was chosen as a common-sense 
compromise between the intrinsic spatial resolution of the 
imaging plate itself and the need for protein crystallography 
measurements. We have chosen a pixel size which gives us 
1187 x 1187 separate resolution elements, giving 3 Mbyte 
of data. The pixel size of 150 f.Lm x 150 f.Lm is somewhat 
coarser than the intrinsic spatial resolution. 

The spatial resolution of the Hamburg imaging plate scanner 
is best demonstrated by Plates 62(a) and (b) of a "real-life" 
example. Shown is a section of 100 x 1 00 pixels out of a 
crystallography pattern, Plate 62(a). The pixel width is 150 
f.Lm along each axis. Piate 62(b) shows a three-dimensional 
plot of the intensity distribution demonstrating the excellent 
separation of the reflections. The spots are separated by 
approximately 10 pixels (1.5 mm). The spot size in this 
pattern is given by the crystal size convoluted with the beam 
dimensions. 

Plate 63 summarises the most important characteristics of 
the scanner system. They show an x-y section through a 
reflection from a small organic molecule crystal. The peak 
intensity was over 32,000, the maximum signal level of 
the prototype scanner. The background, including an offset 
and some scattering by air and the crystal is around 50. 
Note the very sharp edges of the strong reflection and 
the clear appearance of the small reflection above the 
background. 

Probably the Hamburg imaging plate detector has collected 
more data than any other system in protein crystallography. 
Of course this was only possible with a high intensity x-ray 
source like the Hamburg X11 beam-line, where up to one 
million reflections were collected in a single day! The full 
advantage of the high sensitivity and the extremely low 
intrinsic noise becomes even more important with weaker 
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(b) A three-dimensional plot of the pattern from (a). 
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intensities as they are encountered in patterns of large unit 
cells at high resolution. 

We add one more plate with a photograph of a diffraction 
pattern of a muscle fibre as an example of a measurement 
from an area other than protein crystallography. Plate 64 
shows a section through the diffraction spots of the photo-
graph. The exposure time for this pattern was 20 seconds 
as compared to 30 minutes with photographic film on the 
same beam-line and with a similar muscle sample. 

Protein crystallography (K.S. Wilson, C. Betzel, 
Z. Dauter, K. Petratos, G. Lange, G. Evans, 
M. Hennig, S. Klupsch, S. Pfeffer, H. Terry & 
M. Visanji) 

In-house projects 

The imaging plate scanner was used for all data collected, 
unless otherwise stated. 

Proteinases 

The in-house programme on the subtilisin proteinases and 
their complexes with different peptides was actively pursued. 
With enzyme supplied by Sven Branner of the NOVO-
NORDISK Research Institute we continued the work on two 
highly alkalophilic subtilisins from Bacillus lentus, savinase 
and esperase. For wild-type savinase we completed the 
refinement to 1.4 A; the homologous enzyme esperase was 
refined to 1.8 A resolution. The mesophilic subtilisin, mesen-
tericopeptidase, in complex with eglin has been refined 
with material provided by Nikolai Genov of the Academy 
of Sciences, Sophia. The refinement of the structure of 
subtilisin BPN' is almost complete at 1.5 A, in collaboration 
with Joel Oliver of Proctor and Gamble (USA). Together with 
the known structure of subtilisin Carlsberg, this means there 



PLATE 63 

x- and y-sections through a diffraction spot as measured on the 
imaging plate for a small organic crystal. The maximum peak 
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A section through the diffraction pattern of a muscle fibre. 
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now exist refined structures of five naturally occurring sub-
tilisins from different Bacillus species, and in addition those 
of the subtilisin-like thermitase and proteinase K. 

We have also a programme of site-directed mutagenesis 
on the savinase molecule. During 1990 we analysed 8 
further mutants in the resolution range 1.8 A to 1.3 A. This 
programme is being continued, albeit at lower resolution, 
during the shut down using a conventional x-ray source. 
The different mutants in most cases crystallised in different 
crystal forms, either different space groups or with different 
cell parameters in the same space group. This gives an 
additional interest in the refinement of this set of structures 
at high resolution: the elucidation of the water structure to 
further our understanding of the role and influence of solvent 
water for the stabilisation of proteins. 

Trials to collect diffraction data to ultra high resolution of 
about 1 A using the high quantum efficiency of the scanner 
at short wavelength were continued for 3 of the proteinase 
crystal forms. It was clear from the limited experiments 
carried out that the data could be recorded. Unfortunately 
there was insufficient parasitic beam-time to allow these 
projects to be actively pursued. The programme will be 
continued in the next beam period. 

A project started last year was the cocrystallisation and 
structure determination of antibiotic peptides in specific 
complexes with proteinases. We have completed the re-
finement of the cyclic peptide antibiotic bacitracin and of 
zinc bacitracin in complex with the enzyme savinase to 
1.9 A resolution. This structure has shown a novel form 
of enzyme inhibition and most importantly for the first time 
provided three-dimensional information on the conformation 
of this commonly used antibiotic peptide. Bacitracins are 
widely used in chemotherapy because of their antibacterial 
action through inhibition of bacterial cell wall biosynthesis in 
gram-positive bacteria and are also used in a biochemical 
application as a sorbent in affinity chromatography based 
on the property of interacting selectively as an inhibitor with 
proteinases. In addition we have the first results on the 
interpretation of the structure of a complex of gramicidin S 
with savinase. 

EGF receptor 

A challenging project started in collaboration with W. Weber 
of the Institut fOr Physiologische Chemie of the University 
of Hamburg is the analysis of the structure of the epidermal 
growth factor (EGF) receptor: ligand complex. The whole 
receptor is secreted by A431 human tumour cells and plays 
an important role in normal and pathological control of cell 
growth. The receptor has three functional domains: an EGF 
binding cell surface domain which is heavily glycosylated, 
a transmembrane region, and a cytoplasmic domain with 
tyrosine kinase activity. EGF binding to the external domain 
of the receptor stimulates the internal kinase activity. The 
93 kDa monomeric form of this domain can be produced 
from the whole receptor by limited proteolysis and retains 
an intact binding site for EGF. Crystallisation was achieved 
in the presence of the ligand. We characterised crystals of 
this complex using synchrotron radiation. 
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Substrate and metal binding to xylose isomerase 

The study of xylose isomerase was continued in collab-
oration with H. Witzel and colleagues of the University 
of MOnster (FRG) and Charles Collyer & David Blow of 
Imperial College (London). Following the structural studies 
of the native (metal-free) form of xylose isomerase from 
Streptomyces albus in 1989 we have studied its complexes 
with substrate and various metal ions. The enzyme requires 
the presence of two divalent metal ions per monomer for 
activity, such as Mg2+ , C02+ or Mn2+. The diffraction data for 
a number of metal complexes were recorded as follows: 

Metal ion No. of sites Resolution limit 
per monomer ( A) 

C02+ 2 1.65 

Mg2+ 2 1.51 

Cd2+ 1 1.70 

V02+ 1 2.10 

Pt2+ 2 2.30 

Cd2+/C02+ 1/1 2.50 

Cd2+/V02+ 1/1 2.50 

C02+ /Xylose 2/1 2.10 

Models for each of the complexes were refined. In the 
high resolution native structure we had observed some 
disorder around the metal sites which were occupied by 
water molecules. In the metal complexes these side chains 
are in well defined electron density coordinating the metal 
cations. The crystals containing the substrate, xylose, and 
two cobalt ions were prepared by soaking in 1 M sugar 
solution. The xylose moiety is clearly visible in its open 
chain form. It coordinates both C02+ ions. A shift of the 
cobalt ion in site 1 of about 1 A is observed. The xylose 
is also tightly bound by a number of hydrogen bonds to 
the surrounding polar groups. The hydrophobic side of the 
sugar is shielded by the aromatic ring of a tryptophan. This 
complex is now refined to an R factor of 12%. The results 
to date are in agreement with the mechanism proposed by 
David Blow and Charles Collyer. The fold of the Arthrobacter 
and Streptomyces enzymes is highly conserved, especially 
in the region of the active site. 

Structure of d-UTPase 

This project is carried out in collaboration with P.-O. Nyman 
and G. Larsson (University of Lund) & E. Cedergren (Uni-
versity of Stockholm). The x-ray diffraction data from the 
native and heavy-atom derivative crystals were collected in 
1989. The derivative data were measured with the wave-
length adjusted to optimise the anomalous scattering. In 
both derivatives a single heavy atom site was found. The 
figure of merit was 0.51 to 2.2 A resolution, and rose to 0.70 
after solvent flattening. The resulting electron density map 
was of excellent quality and permitted the tracing of the 
chain for 136 out of 152 residues of the enzyme without 
ambiguity. The enzyme subunits are grouped in trimers 
around the three-fold axis (Plate 65). 



The model has been refined to a final R factor of 15.3%. The 
average phase change between the initial and final phase 
sets is only 40°, the high quality of the initial phases resulting 
from accurate data and a strong anomalous component 
at the optimised wavelength. The final model consists of 
136 amino-acid residues and 185 solvent (water) molecules. 
The 16 C-terminal residues do not have any corresponding 
electron density and are assumed to be highly disordered. 
As can be seen in Plate 65, the C-terminal part of the protein 
chain extends away from the bulk of the monomer towards 
the neighbouring molecule within the tightly packed trimer. 
The fold is different from all known proteins. 

Carnation mottle virus 

The data collection and processing for crystals of carnation 
mottle virus (CMV) was carried out as a collaboration with 
Albert Mikhailov and Katerina Morgunova, Institute of Crys-
tallography, Academy of Science, Moscow. The data were 
collected on beam line X11. The crystals were of cubic mor-
phology, about 0.2 mm in each dimension. The space group 
was confirmed as 123 with cell dimension a=382 A. Four 
crystals were used in total. The maximum resolution limit 
used was 3.5 A to avoid the spatial overlap of neighbouring 
reflections on the detector. One crystal was used to collect 
low resolution data. Each crystal orientation was completely 
arbitrary, far from any major zones. The wavelength used 
was 0.96 A. The 6 A data consisted of 32 images, each 
of 1°oscillation. These gave 93,848 independent measure-
ments. The data merged with an overall RSYM of 5.6% and 
were 97.8% complete. For the 3.5 A data 0.5°oscillations 
were used. From the first crystal 16 images were collected 
(8° of consecutive rotation) giving 82,588 reflections, from 
the second 20 images giving 111,086 reflections and from 
the third 18 images giving 97,529 reflections. A high reso-
lution image is shown in Plate 66. 

All the intensities were merged to produce the final data 
which are roughly 90% complete with an overall RSYM of 

PLATE 65 

A view of the Co backbone of the trimer of d-UTPase looking down 
the three-fold axis. One monomer is shown in heavy-lines and this 
allows one to see the C-terminal arm extending away from the 
body of the monomer and forming strong contacts with an adjacent 
monomer. 

7.5% on intensities. The data have been used to solve the 
structure by K. Morgunova, Moscow, and David Stuart and 
colleagues at the University of Oxford. Tomato bushy stunt 
virus was successfully used as a model for the molecular 
replacement at 6 A. The phases were then extended to 3.5 A 
using the non-crystallographic symmetry. The final map is 
clearly interpretable and a model is being built. The structure 
of a new virus has been elucidated using four crystals 
(another three were rejected with poorer diffraction) and two 
12 h shifts on the beam-line. Data processing required a 
further 2 days. Although CMV is a small virus this shows the 
power of the imaging plate combined with short wavelength 
radiation for making such problems much more tractable. 

X-ray structural analysis on narbonin from 
Vicia narbonensis L 

Legume seeds are well known as an important protein 
source for human beings and in animal feed, but the physical 
and nutritional properties of these seeds do not conform pre-
cisely with those demanded by the consumers. Biotechnol-
ogy provides a possibility whereby the properties of seeds 
might be tailored specifically. The seeds contain 10 to 50% 
protein, and most of this is storage protein. The storage 
proteins have no enzymatic activity, and simply provide a 
source of amino-acids, nitrogen, and carbon skeletons for 
the developing seedling. 

Narbonin, a 2S globulin from Vicia narbonensis L., was 
isolated by Bernhard Schlesier (Institute' of Genetics and 
Research in Cultivated Plants, Gatersleben). The space 
group symmetry is P21, a=46.9 A, b=75.5 A, c=50.9 A, and 
/3=120.5°. It is the first time that crystals of a 2S globulin 
suitable for high resolution structural analysis have been 
grown. 1.8 A data were collected from one crystal on the 
X11 beam-line. The merging RSYM was 5.6% and the data 
were 95.5% complete. 

A crystal soaked in mercury acetate was used to collect 
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PLATE 66 

A 0.50 rotation image of carnation mottle virus from the Hamburg 
image scanner. The data extend to 3.2 A at the edge of the image, 

2.2 A data on beam-line X31. The data were 97% com-
plete with RSYM 5.3%. This derivative produced very clear 
anomalous and difference Patterson maps showing 3 major 
binding sites. The atomic parameters were refined to a 
centric R factor of 29%. Data for two further heavy atom 
derivatives (SmCI3 and a K2PtCI4) were measured on a 
sealed tube with the imaging plate scanner and have RSYM 
4.3% and 6.1 % respectively. The phasing based on the 
three derivatives resulted in a figure of merit of 71 % at 2.2 A. 
Four iterations of solvent flattening procedure gave a final 
figure of merit of 83%. The map shows clear continuity in 
the electron density and a good contrast between protein 
and solvent regions. Model building is in progress. 

Visitors projects 

There now follows a description of a small number of rep-
resentative visitors' projects. 

70 S ribosomes from Thermus thermophilus 
(M. Yusupov, Y. Sergeev & A. Spirine, 
Inst. of Protein Research, Pushchino, USSR 
& A. Mitschler, J.-C. Thierry & D. Moras, 
Laboratoire de Cristallographie Biologique 
de I'IBMC, Strasbourg) 

The structure determination of ribosomes, the centre of 
protein synthesis in the cell, is one of the most challenging 
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but were only processed to 3.5 A owing to limitations in out present 
software. The exposure time was about 4 min. 

tasks. Up to now the most valuable results were obtained by 
electron microscopy and triangulation using neutron diffrac-
tion. The first three-dimensional crystals of 70 S ribosomes 
were obtained by Wittmann and coworkers (1982). The 
best crystals were obtained from large ribosomal subunits 
from the halophilic bacterium Halobacterium marismortui 
and diffract to 6 A resolution (Makowski et al., 1987). 

70 S ribosomes from Thermus thermophilus were first 
crystallised in 1986 (Trakanov et al., 1987). A new form 
more suitable for x-ray analysis was subsequently obtained 
(Trakanov et al., 1989). Large bipyramidal crystals of more 
than 300 /.L in size can now be grown routinely. Results from 
LURE (Orsay) in 1988 showed that their diffraction pattern 
extended to better than 20 A with a life-time of more than 6 
hours. The space group (P41212) and unit cell dimensions 
(a=b=522 A, c=382 A) are compatible with one ribosome 
particle per asymmetric unit. Data to 18 A resolution were 
collected at DESY using beam-line X11 , with a wavelength 
of 0.96 A. 

Upoamide dehydrogenase from Pseudomonas 
putida and from Pseudomonas fluorescens 
(A. Mattewi, G. Obmolova & W.G.J. Hoi, University 
of Groningen, The Netherlands) 

Lipoamide dehydrogenase (LipDH) is an ubiquitous flavo-
protein, a member of a number of multienzyme complexes 



(e.g. the pyruvate dehydrogenase complex) and a mem-
ber of the family of disulphide oxidoreductases. The active 
form of the enzyme is a dimer with a molecular weight of 
103,000. In our laboratory the crystal structure of LipDH 
from Azotobacter vinelandii has already been solved (Bram 
Schierbeek, Ph.D. Thesis, University of Groningen, 1989). 

To obtain some more insight into the catalytic properties of 
this enzyme we are also trying to crystallise LipDH purified 
from other organisms. We were successful in the crystalli-
sation of LipDH from Pseudomonas putida (provided by J. 
Sokatch, University of Oklahoma, USA) and of LipDH from 
Pseudomonas fluorescens (provided by A. de Kok, Agricul-
tural University of Wageningen). The crystals of LipDH from 
Pseudomonas putida are grown in the presence of NAD, 
giving the possibility of studying the binding of the substrate 
and the catalytic mechanism involved in its reduction. Be-
cause of the large size of these molecules, the synchrotron 
source is necessary to obtain data to atomic resolution. 
Data were collected at the EMBL Outstation for LipDH from 
Pseudomonas putida to 2.45 A (95% complete) and from 
Pseudomonas fluorescens to 3.2 A (72% complete). 

The crystals of LipDH from Pseudomonas putida have 
a space group C2221 , with cell dimensions a=62.2 A, 
b=1 08.2 A, c=151.0 A. The data had an RSYM of 7.2%. The 
self rotation function did not show any peak, indicating the 
presence of only one monomer in the asymmetric unit. Using 
as a search model the structure of lipoamide dehydrogenase 
from Azotobacter vinelandii a solution for the molecular 
replacement could be easily found. The crystallographic 
refinement is in progress. 

The data from the crystals of LipDH from Pseudomonas 
fluorescens are being processed. A preliminary analysis 
shows that the space group is C2, with the entire 101,000 
Daltons dimer in the asymmetric unit. 

Data collection on deoxygenated Limulus 
polyphemus haemocyanin subunit type /I 
(B. Hazes & W.G.J. Hoi, University of Groningen, 
The Netherlands) 

Limulus polyphemus (a horseshoe crab) uses freely dis-
solved haemocyanin as an oxygen carrier in its blood 
plasma. This haemocyanin forms a large cooperative com-
plex, containing 48 subunits, which form a mixture of seven 
different although homologous subunit types, each of which 
occupies a specific position in the complex. In a joint project 
with Karen Magnus (Case Western Reserve University) 
work is in progress to solve the structure of subunit type 
II, both with and without bound oxygen. 

Crystals with space group R32 were obtained under condi-
tions similar to the conditions described by Magnus & Love 
(1977). Oxygenated crystals diffracted to at least 2.25 A 
on a sealed tube generator. Deoxygenated crystals could 
be obtained by mounting oxygenated crystals with a col-
umn of mother liquor containing 250 mM sodium dithionite. 
These crystals still diffracted to at least 2.4 A. Cell param-
eters for both oxygenated and deoxygenated crystals were 
a=b=c=117.0 A, a=,B=,),=60.02°(rhombohedral setting}. 

For the data collection a single crystal with dimensions of 
0.8xO.8x0.4 mm was used mounted with its threefold axis 
slightly misaligned with respect to the spindle axis. Data 
were measured on beam-line X31 with a wavelength of 
1.009 A. The final data extend to a maximum resolution 
of 2.18 A, with an RSYM on intensities of 4.64% and a 
completeness of 96%. Plates 67(a}-(d} suggest that a still 
higher resolution could have been obtained if a shorter 
crystal to film distance had been used. Refinement has 
been started based on the model of Panulirus interruptus 
haemocyanin. The current R-factor is 28.9% to 2.5 A with 
about 10% of the amino-acid residues still missing from the 
model. 

Data collection on MADH inhibited by a hydrazine 
(E.G. Huizinga, B. van Zanten & W.G.J. Hoi, Univ. 
of Groningen, the Netherlands) 

Methylamine dehydrogenase (MADH) catalyses the oxida-
tive deamination of primary amines and transfers electrons 
to a c-type cytochrome through a mediating blue copper 
protein amicyanin. MADH from the methylotroph Thiobacil-
Ius versutus is an H2L2 tetramer with a molecular weight of 
47.500 for the heavy (H) subunit and 12.900 for the light (L) 
subunit. A quinone cofactor is bound covalently to each of 
the L subunits. This cofactor has previously been identified 
as pyrroloquinoline quinone (POO) but the x-ray study of 
Thiobacillus versutus MADH has shown that the density for 
the cofactor is not consistent with POO. To learn more about 
the cofactor, cofactor-hydrazine adducts and the active site 
environment we have determined the structure of MADH 
inhibited with (21212}-trifluoro-ethylhydrazine (TFEH). 

The protein was inhibited with TFEH in solution and could 
be crystallised under conditions identical to those used for 
native MADH, in space group P3121 with a=129.8 A and 
c=1 04.3 A. Data were measured on the X31 beam-line using 
a crystal of dimension 0.7 mmxO.4 mm. An RSYM of 5.0% 
was obtained on profile fitted intensities up to 2.6 A which 
are 98% complete. 

Scaling of the data to native MADH data gave a mean frac-
tional isomorphous difference of only 9.0%. Nevertheless 
a difference map calculated with phases from the current 
model for MADH gives a clear peak in the active site region 
of 9.6 standard deviations, while the next highest peak 
is only 5.7 standard deviations. Detailed analysis of the 
changes in the active site is going on and will give valuable 
information about the cofactor of MADH. 

High resolution structural studies on 
B.stearothermophilus 3-PGK (G. Davies, 
University of Bristol, U.K. - present address: 
University of York, Heslington, York, U.K.) 

Phosphoglycerate kinase (PGK) is the glycolytic enzyme 
responsible for the first substrate level phosphorylation in 
glycolysis. It is a monomer of molecular weight 42,000, 
consisting of two domains which are thought to move 
relative to each other during catalysis. The PGK from 
B.stearothermophilus, which prior to this study had been 
solved at 3.5 A resolution, is both exceptionally thermally 
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PLATE 67 

Statistics of the processing of the haemocyanin 2.1 A data. 
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stable and represents the first structure of PGK complexed 
with one of its substrates. 

X-ray diffraction data were collected on the MgATP complex 
of the thermophilic PGK from Bacillus stearothermophilus 
from two crystals. On one high resolution (1.65 A) data were 
recorded on the X11 beam-line. With the other low resolution 
data were collected on beam-line X31. The data obtained 
had a merging R for combined high and low resolution data 
of 5.5%, being 97% complete to 1.65 A resolution. 

Refinement of the structure is in hand. The current R-factor 
is 16.5% for all data between 10 A and 1.65 A. The electron 
density map clarifies a number of features which were not 
resolvable in the medium resolution study. In particular, a 
region of about 80 amino-acids that was incorrectly placed 
after the initial refinement was identified. In addition, the 
nucleotide substrate, present in the crystallisation medium 
as MgATP, was shown to be MgADP in the crystals (Plate 
68), presumably due to the low intrinsic phosphatase ac-
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tivity of PGK. The orientation of the two domains of the 
enzyme is not exactly as found in the native yeast and 
horse-muscle PGK structures. The two domains of the 
B.stearothermophilus PGK structure appear to be closed 
relative to each other by approximately 4S. Although this 
is not of the magnitude expected from solution studies it is 
nevertheless a significant finding. 

The structure of ovalbumin at 1.9A resolution 
(P.E. Stein, University of Cambridge, U.K; 
A.G.w. Leslie & J.T. Finch, MRC Laboratory 
of Molecular Biology, Cambridge, U.K.) 

The serpins are a family of homologous proteins with diverse 
functions, including the key serine proteinase inhibitors of 
human plasma as well as proteins without inhibitory prop-
erties, such as hormone binding globulins and egg-white 
ovalbumin. Loebermann et al. (1984) reported the crystal 
structure of human antitrypsin proteolytically cleaved at its 
reactive centre peptide bond and showing an unexpected 



PLATE 68 

A stereo view of the electron density for the MgADP substrate of 
B.stearothermophilus PGK. The nucleotide was present in the 

separation of the new chain termini by 67 A. The new 
C-terminus has been inserted as the fourth strand in the 
centre of a ,8-sheet. Other serpins, with the exception of 
ovalbumin and angiotensinogen, show evidence for a similar 
conformational change following reactive centre cleavage. 
There are no published reports describing the crystallisation 
of an inhibitory serpin in an uncleaved form. 

Ovalbumin, the major protein in avian egg-white, is a gly-
coprotein of 385 residues showing 31% sequence identity 
with antitrypsin. It does not have a functional reactive centre 
because it is not a proteinase inhibitor, but its putative reac-
tive centre is readily identified by sequence alignment with 
inhibitory serpins. Cleavage of 6 amino-acids from this site 
by subtilisin results in formation of plakalbumin. The crystal 
structure of plakalbumin, refined to an R-factor of 25% to 
2.8 A resolution, was reported by Wright et al. (1990). The 
cleaved ends are separated by 27 A, but the typical serpin 
conformational change had not occurred. The plakalbumin 
structure thus provides a partial model for intact serpins. We 
have determined the structure of uncleaved ovalbumin as a 
model for the intact serpin reactive centre. 

Ovalbumin crystals were isomorphous with those reported 
by Miller et al. (1983), space group P1 (a=62.9 A, b=84.7 A, 
c=71.5A, a=87.5°, ,8=104°, 1'=108S) with 4 molecules in 
the asymmetric unit. Data to 1.9 A resolution were collected 
using radiation of wavelength 1.01 A on the X31 beam-
line. The data between 30 A and 1.95 A resolution (94% 
complete) had a merging R-factor of 6.8% on intensities. 
The structure was solved using the plakalbumin coordinates 
(kindly given to us by Dr. T. Wright and Professor R. 
Huber) as a model, and was refined. The model includes 
11,522 protein atoms, the first N-acetylglucosamine residue 
of the carbohydrate chain in each molecule, 3 phosphate 
groups (of a possible total of 8), 678 water molecules 
and a single metal ion. The model has a crystallographic 
R-factor of 17.4% for all data between 6 A and 1.95 A 
resolution. The intact peptide loop that forms the analogue 
of the reactive centre takes the surprising form of a 3-turn 
a-helix, which protrudes from the main body of the molecule 
on 2 peptide stalks, each of 3-4 residues. The putative 

crystallisation medium as MgATP. The map clearly shows that the 
ATP has been hydrolysed to ADP during crystallisation. 

reactive centre peptide bond lies on the exposed face of 
the final helical turn. Superposition of crystallographically 
independent molecules suggests that the helix is mobile. 
If the inhibitory serpins have a helical reactive centre loop 
similar to that observed in ovalbumin, it must unfold to 
interact with a target proteinase and would be atypical 
among known proteinase inhibitor structures (Stein et al., 
1990). The structure is shown in Plate 69. 

p 

PLATE 69 

A ribbon diagram of ovalbumin. The active site helix is labelled "hR". 
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Biochemistry and molecular cloning 
(C. Vorgias, A. Kingswell, P. Padas & M. Dauter) 

Purification of over-expressed E.coli 
galactose operon enzymes (C. Vorgias 
& A. Kingswell) 

The crystallisation of the three gal-operon enzymes 
from Ecoli (i.e. UDP-galactose-4-epimerase; galactose-1-
P-uridyltransferase and galactokinase) has been one of our 
main research interests. The three Ecoli strains (a gift 
from H-G. Lemaire, Koln), which overproduce each of these 
enzymes in amounts between 8% and 20% of the total 
bacterial proteins, proved to be a good starting point for 
the project. The next step was to develop fast and efficient 
methods for protein purification so that we could undertake 
crystallisation trials. 

Starting with 5 g of cells the yields are about 100 mg, 30 mg 
and 70 mg of homogeneous enzyme for the galactokinase, 
transferase and epimerase respectively. Biochemical stud-
ies were carried out on these purified recombinant enzymes 
to compare them with the native enzymes. The Km of the 
different substrates as well as the pi were determined and 
were in accordance with the native enzymes. Preliminary 
crystallisation trials have yielded small crystals of UDP-
galactose-4-epimerase and galactose-1-P-uridyltransferase 
from PEG4000. 

Integration host factor: Over-expression, 
purification, and crystallisation 
(C. Vorgias & A. Kingswell) 

Integration host factor (IHF) is a small basic heterodimeric 
protein that is needed for efficient recombination of bacte-
riophage >. DNA with the host bacterial genome, as well as 
for other host and viral functions. The heterodimer consists 
of two polypeptides, a and {3, with a molecular weight of 
11,200 and 10,500 respectively and have significant ho-
mology. The IHF overproducer was a gift from H. Nash 
(NIH). The over-expression of both genes conjointly led to 
the accumulation of large amounts of active IHF. The IHF 
protein prepared by the previous purification method failed 
to give crystals because of solubility problems. For this 
reason we developed a new purification method which has 
successfully yielded large quantities of highly purified and 
soluble IHF. Crystallisation trials have resulted in crystals 
from ammonium suifate/PEG1000 in slightly acidic pH. At 
present these diffract rather weakly to medium resolution 
(3.5A). 

17k Nucleic acid binding protein from 
B.stearo-thermophilus (C. Vorgias & A. Kingswell) 

Protein crystallography is the most direct way of determining 
the tertiary structure of a protein. However, it suffers from a 
number of drawbacks. One is the availability of pure protein 
in large amounts. Therefore we have established an in-
house methodology to clone and over-express proteins that, 
in preliminary trials, have already shown promising results. 
One of these proteins is the 17k nucleic acid binding protein 
from Bacillus stearothermophilus. We have carried out the 
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PLATE 70 

Induction of 17k nucleic acid binding protein. An SDS-PAGE of the 
total cell protein, sampled at 0, 1, 3 h after the induction of the cells 
with isopropyl-{3-D-thiogalactoside. 

013 

17K 

cloning, over-expression, purification, and crystallisation and 
collected preliminary crystallographic data on this protein. 

We have cloned the gene of 17k protein using in vitro gene 
amplification technology (PCR), Plate 70. The transforma-
tion was made in Ecoli BL21 (DE3) strain which gives a 
very high level of protein expression. The over-expressed 
17k protein was purified from cell extract to give routinely 
25-30 mg highly purified 17k protein from 2 g cell paste. 
The recombinant 17k protein was crystallised successfully 
from ammonium sulfate at pH 7.0 to 7.5. Preliminary crystal-
lographic data show that the crystals diffract to about 3.2 A 
resolution. The crystals were orthorhombic in the space 
group P21212 and had lattice constants a=135.3 A, b=37.5 A 
and c=48.9 A. 

HU from Bacilli. Cloning, over-expression 
and thermostability (P. Padas & C. Vorgias) 

DNA binding protein HU is ubiquitous in the eubacterial 
kingdom and it has also been isolated from two archae-
bacteria. It is a small homodimeric protein, each monomer 
contains 90-92 amino-acids and has a molecular weight of 
about 9,500. The exact cellular function of HU has not yet 
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The diagonal plot of the N-H region of a 600 MHz 1 H two-dimen-
sional nuclear Overhauser enhancement spectroscopy (NOESY) of 
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been elucidated. The crystal structure of HU from Bacillus 
stearothermophilus is already known and refined at 2 A 
resolution. The primary structure of four closely related 
Bacilli has been determined and described in Wilson et al. 
(1990). These bacteria have optimum growth temperatures 
of > 70D C (B.caldolyticus: Bc); 65D C (B.stearothermophilus: 
Bst); 3rC (B.subtilis: Bsub) and 30DC (B.globigii: Bg). 

We have made measurements of CD spectra of purified HUs 
from all four Bacilli. These gave in vitro melting tempera-
tures of 680 ,640 , 43Dand 41DC, respectively, reflecting the 
growth temperatures. The following table shows the number 
of substitutions between the sequences of the HU proteins 
from the four Bacilli (abbreviations are defined above). 

Bc Bst Bsub Bg 
T m (DC) 68 64 43 41 

Growth T >70 Bc 0 4 13 14 

65 Bst 4 0 12 13 

37 Bsub 13 12 0 1 

30 Bg 14 13 1 0 

These four proteins provide us with an ideal model system 
for investigating the relationship between primary structure 
and thermostability. Therefore, we have cloned the gene of 
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HUBst protein using the in vitro gene amplification tech-
nique (PCR) as for the 17k protein. The presence of the 
pLysS that expresses the T7 lysozyme reduces basal T7 
RNA polymerase activity by specific interaction means that 
the hubst target gene (toxic for the host cells) is stable and 
still expressible at high level. The over-expressed HUBst 
protein was purified from cell extract to provide in a routine 
preparation 10-12 mg of highly purified HUBst protein from 
a 1 litre cell culture (ca. 1.5 g cell paste). 

Two-dimensional NMR measurements on 
the structure of the histone-like protein HU from 
Bacillus stearothermophilus (L.P.A. van Houte, 
M. Bloomers & R. Kaptein, University of Utrecht, 
The Netherlands, and C. Vorgias & K.S. Wilson) 

The three-dimensional crystal structure of the histone-like 
HU protein from Bacillus stearothermophilus (HUBst) has 
previously been determined to 2 A resolution. Our goal is 
to determine the structure and the DNA binding mode of 
HU in solution. Initial two-dimensional NMR experiments 
have been performed to assign the proton resonance and 
to identify the nuclear Overhauser effect (NO E) contacts 
within HU. At the moment 70% of the contacts have been 
assigned, resolution difficulties should be solved by in vivo 
labelling of HUBst with 13C and 15N paramagnetic elements. 
Plate 71 gives an illustration of the two-dimensional NMR 
spectrum of HUBst structure in solution. 
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Crystallisation of the initiation factor-2 (IF-2) 
from Bacillus stearothermophilus and of the 
histone-like protein H-NS from E.coli (A.J. Kingswell 
& C.E. Vorgias, EMBL, and c.o. Gualerzi, University 
of Camerino, Italy) 

Protein synthesis in prokaryotes requires GTP in three dis-
tinct reactions, those mediated by IF-2, EF-Tu and EF-G. 
There are major differences in the specificity of the three 
GTP-dependent reactions. We have concentrated on the 
IF-2 which has been purified to homogeneity from Bacillus 
stearothermophilus. The protein has an apparent molecular 
weight of 60,000. The purified protein samples are provided 
by C.O. Gualerzi and at the moment crystallisation trials 
have yielded small protein crystals from ammonium sulfate 
at pH 7.0. 

Among the proteins which may playa role in the physical 
packaging of the bacterial chromosome H-NS is one of the 
most abundant and the best characterised. H-NS is a 15 
kDa protein with a known primary structure which does not 
bear any resemblance to those of eukaryotic histones. We 
have obtained crystals in 20% isopropanol which seem to 
behave as protein crystals but are temperature-sensitive. 
Further crystallisation trials are needed to improve the size, 
quality and stability of the crystals. 

EXAFS (C. Hermes, H.-F. Nolting & P. Loeffen) 

At the EXAFS station the previously used data acquisition 
and beam-line control was replaced by a new system, 
comprising a dedicated microVAX with CAMAC. The system 
was installed, tested and used successfully throughout 95% 
of the available beam-time in 1990. It is planned to perform 
the data acquisition using a dedicated microcomputer (IBM 
compatible). This work is being done in close collaboration 
with Michel Koch and F. Golding (Manchester). 

A customised multi-element solid state detector system, pur-
chased entirely through a "DFG-Schwerpunktprogramm", 
arrived at the end of 1990. After thorough tests this new 
detection system will be installed on the beam-line in 1991, 
and should allow us to get better data from more dilute 
samples. 

Collaborative projects 

The EXAFS studies on hog kidney aminoacylase I 
(D. Heese, K.H. Rohm & F. Schneider, University of Mar-
burg) were continued. The kinetic properties and the cat-
alytic mechanism of this enzyme differ from those of other 
well-characterized Zn2+ -dependent amidases. The Zn2+ 
centre of aminoacylase I is at a large distance from the 
catalytic site and appears to playa predominantly structural 
role. The evaluation of the data collected on the native (Zn2) 
and C02+ substituted aminoacylase was completed in 1990. 
In both enzyme species we found that the metal ion is 
tetrahedrally coordinated by oxygen and nitrogen ligands. 
At least one of the ligands appears to be a histidine residue 
of the enzyme. The involvement of cysteine sulphur in the 
coordination of the metal ions could be excluded. 
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A new project with the University of Marburg (D. Heese, K.H. 
Rohm & H. Westphal) deals with the zinc finger domain of 
the rat glucocorticoid receptor (GCR). Zinc fingers are DNA 
binding domains present in many proteins that specifically 
interact with DNA. Data on two synthetic zinc finger pep-
tides were collected. Interestingly, the EXAFS of one of the 
complexes is not consistent with the commonly accepted 
coordination geometry. Experiments with the complete DNA 
binding domain of GCR are planned. 

The investigations on the iron and nickel coordination sites 
of hydrogenases were continued. The NAD-dependent hy-
drogenase of Nocardia opaca can easily be separated 
into two dimers. The larger one shows diaphorase activity 
whereas the second dimer represents the active hydroge-
nase component. EXAFS measurements were taken both 
at the Ni and Fe K edges of the hydrogenase dimer and 
at the Fe K edge of the diaphorase dimer. The Fe-S and 
Fe-Fe distances found for the diaphorase dimer are typical 
for iron-sulphur clusters and very similar to those found in 
the native enzyme. In the hydrogenase dimer the Ni ions 
seem to be coordinated by sulphur and oxygen/nitrogen 
ligands (H. Winkler & A.x. Trautwein (Medical University 
Lubeck); M. Kockerling & G. Henkel (University of Duisburg); 
C. Zaborosch, K. Schneider & H.-G. Schlegel (University of 
Gottingen). 

The intermediate phases in the ossification process were 
studied by Sr K edge spectroscopy (E. Rokita, Jagellonian 
University, Krakow). Measurements were performed on rab-
bit bone samples obtained from Sr-treated animals and 
on selected Sr-containing model compounds. In this study 
strontium was used as a tracer for calcium environment 
in bones. Our study shows that the first mineral formed in 
embryonic bones is amorphous calcium phosphate, which 
is transformed into tricalcium phosphate and hydroxyapatite 
after three months. At the end of the ossification process 
hydroxyapatite remains as the main component of bones. 

The project on purple acid phosphatase (PAP) from red 
kidney beans was continued. This enzyme catalyses the 
hydrolysis of activated phosphoric acid monoesters. PAP is 
composed of two identical subunits, containing a heteronu-
clear Fe(III}-Zn(lI} centre in its active site. From the data 
obtained so far on both absorption edges (for the native 
enzyme, the enzyme in the presence of phosphate and 
molybdate) information about the structure and function of 
the metal centres can be derived. The Zn site is modified 
upon addition of phosphate to the native enzyme (as indi-
cated by increased coordination numbers and distances), 
whereas the Fe site remains sixfold coordinated by O/N-
atoms. The analysis of the PAP-molybdate data will yield in-
formation about the role of the oxo-anions (S. Priggemeyer, 
A. Rompel, B. Krebs, M. Korner & H. Witzel (University of 
Munster)}. 

The metal environment in cadmium phytochelatin com-
plexes was studied by Cd-EXAFS (with A.-K. Duhme, 
H. Strasdeit & S. Pohl (University of Oldenburg); M.H. Zenk 
& R. Kneer (University of Munich)}. Phytochelatines (PC) 
are peptides of the general formula (r-Glu-Cysln-Gly (n=2-
11). The toxicity of heavy metal ions like Cd2+ in plants 



PLATE 72 

Cadmium phytochelatin complexes. Fourier transforms of the k3 _ 

weighted EXAFS, native Cd-PC complex (solid), Cd-PC complex 
with additional Cd2+ (broken). 
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is reduced by coordination to PC molecules. Thus the 
phytochelatines are functionally analogous to the met-
allothioneins of animals. Low temperature x-ray absorp-
tion measurements were carried out on Cd-PC complexes 
and on a number of appropriate model compounds. In 
the native Cd-PC complexes cadmium is exclusively sit-
uated in Cd(SCys)4 units; there are no indications for 
other donor atoms than sulphur. As no Cd-Cd interac-
tions are observed in the Fourier transforms of the EX-
AFS spectra, Plate 72, polynuclear complexes like those 
in metallothioneins can be excluded. After addition of 
Cd2+ ions to native Cd-PC complexes Cd is also co-
ordinated by light backscatterers. It was postulated that 
both CdS4 and Cd(O,Nlx coordination geometries coex-
ist. 

In-house projects 

The EXAFS studies on D-xylose isomerase from Strepto-
myces rubiginosus (with C. Sudfeldt & H. Witzel, Univer-
sity of MOnster) were continued. Data on Zn2+ and Cd2+ 
derivatives of the enzyme allow a further and more de-
tailed characterization of the individual metal binding sites. 
The tetrahedral environment of the Zn2+ ion in the A-site 
changes significantly upon C02+ binding to the B-site (see 
Plate 73). A slight contraction of the first shell distance, a 
decrease of the static disorder and different higher shell 
contributions indicate a reorientation of the ligands. The 
inhibitor Cd2+ binds octahedrally to the B-site, but there is 
no evidence for a change of the Cd coordination when C02+ 
is added to the A-site. 
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(b) Fourier transforms of the k3 -weighted EXAFS, Zn2+ bound to 
the A-site (solid); Zn2+ bound to the A-site with C02+ present 
in the B-site (broken); energy-zero at 9660 eV. 
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In addition to our last year's studies on bacitracin com-
plexes with divalent metal ions EXAFS measurements on 
Zn-bacitracin and on Zn-bacitracin-proteinase-complexes 
in solution were carried out (with S. Pfeffer). The three-
dimensional structure of the Zn-bacitracin-savinase com-
plex has been solved by molecular replacement, but no 
Zn2+ ions could be located during model building and 
refinement (see protein crystallography section). The full 
analysis of the EXAFS data is expected to provide in-
formation about the role of the Zn ions in the com-
plexes. 

Absorption data on zinc(lI) imidazole tetrafluoroborate were 
collected as a function of temperature (with R.F. Pettifer, 
University of Warwick). This compound forms a conve-
nient short range model of the active site of carbonic 
anhydrase and other enzymes. It is hoped that a cor-
rect interpretation of the EXAFS spectra for this model, 
by computer modelling with an accurate description of in-
ternal thermal motion, will aid a detailed interpretation of 
enzyme data. This is being accomplished by a translation-
liberation-screw (TLS) analysis, and by parallel studies of 
inelastic neutron scattering, infra red and Raman spec-
troscopy. 

Muscle (Y. Maeda, G. Rapp, A. Miegel, 
A. Stewart, S. Fujita & L. Lee) 

In-house projects 

This year progress has been made in two different direc-
tions. 

G. Rapp has made further progress in employing vari-
ous types of high intensity light sources like a Xe flash 
lamp system and an erbium glass laser for quick al-
teration of physical or chemical parameters of biologi-
cal systems. This includes rapid temperature jump, flash 
photolysis of so-called caged-compounds have been suc-
cessfully used in various projects not only in muscle re-
search. 

Y. Maeda with other members of the group continued the 
project in which cDNAs are to be obtained and protein 
expression systems of Ecoli are to be established for each 
of the major muscle proteins, and individual muscle proteins 
or complexes are to be crystallised. 

T-jump experiments on activated muscle (G. Rapp) 

The T-jump technique has been used for experiments on 
fully Ca2+ -activated skinned rabbit psoas fibres. The tension 
after a jump from 5°C to about 15°C rises with a fast rate 
of ca. 18 S·1 followed by a slower phase of 0.6 S·1. The 
structural change as expressed by the ratio of the intensities 
of the 11 over the 10 reflection shows a rapid change 
which is paralleled by a similarly rapid first phase in the 
spacing of the 11 reflection. The following slower phase 
has the same time course as tension development. These 
preliminary experiments will be continued with an improved 
setup. 
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Rabbit skeletal muscle troponin-T eDNA 
sequences (S. Fujita & Y. Maeda with 
K. Maeda (MPI, Heidelberg)) 

For preparing protein crystals from troponin, one of the 
major obstacles is the natural occurrence in muscle tis-
sues of many isoforms of troponin T (TnT), one of three 
troponin subunits. To circumvent this problem, as well 
as to obtain more than one TnT isoform in high quan-
tity, we have isolated and sequenced four isoforms of 
TnT cDNAs derived from eleven-day-old rabbit skeletal 
muscle. Among four variants obtained one may be the 
complete (,8-type) transcript of the fast skeletal mus-
cle TnT gene; every exon 4 through 8 is expressed. 
Our results have also corrected the published amino-
acid sequence. Finally our results confirm the alterna-
tive splicing of the TnT gene. We have in addition ex-
pressed in Ecoli the rabbit skeletal muscle a-tropomyosin 
gene. 

Unpolymerizable lobster tropomyosin 
(A. Miegel, Y. Maeda with T. Kobayashi & 
J.H. Collins (Univ. Maryland)) 

Our previous study (A. Miegel & Y. Maeda, submitted) 
has revealed that the tropomyosin preparation obtained 
from lobster tail muscle is homogeneous, unlike verte-
brate skeletal muscle which contains two isoforms. Now 
we found that carboxypeptidase A treatment results in ho-
mogeneously truncated molecules in which 11 residues 
are removed from the C-terminus. Amino-acid sequence 
analysis showed that the C-terminus sequence is ho-
mologous to Drosophila tropomyosin and completely dif-
ferent from the vertebrate counterparts. Since the C-
terminus of tropomyosin is known to be unfolded and cru-
cial for head-to-tail polymerization, the truncated lobster 
tropomyosin serves as a good preparation of unpolymer-
izable tropomyosin. 

Rabbit skeletal muscle myosin: Unfolded carboxyl 
terminus and its role in molecular assembly 
(Y. Maeda with K. Maeda, H.R. Kalbitzer, 
A. Rosch, W. Beneicke & A. Wittinghofer 
(MPI, Heidelberg) and K. Leonard (EMBL, 
Heidelberg)) 

To study the mechanism of filament formation (self-
assembly) of myosin molecules, we have expressed in Ecoli 
short segments of the rod portion of rabbit skeletal fast 
muscle myosin and compared the structure and physical 
properties of two species. The results indicate that the 
a-helical coiled-coil molecule is unfolded at the original 
C-terminus and that the two polypeptide chains within one 
molecule are out of register by 3 residues. This staggered 
packing of two chains in the coiled-coil protein is not con-
sistent with the model proposed by Crick (1953). Moreover, 
the results support the view that the unfolded C-terminus 
is essential for molecular assembly at physiological condi-
tions. 



Collaborative projects with 
outside groups 

Time-resolved x-ray diffraction studies of single 
muscle fibres (G. Cecchi & MA Bagni 
(Univ. Florence), P.J. Griffiths & C.C. Ashley 
(Univ. Oxford) and Y. Maeda) 

During activation of skeletal muscle, tension develop-
ment is accompanied by formation of mechanical link-
ages (cross-bridges) between actin and myosin filaments 
which run axially along the muscle cell. This event, 
thought to be the first step in the molecular interac-
tions underlying tension development, can be detected 
in the equatorial x-ray diffraction pattern that arises from 
the filament lattice of the muscle fibre. By use of syn-
chrotron radiation we obtained the first time-resolved 
measurements of this event from a single muscle cell. 
At present EMBL, DESY, has proven to be the only 
site at which such measurements have been possi-
ble. Initial studies delineated the time course of equa-
torial signals during the rise of tetanic tension and re-
laxation (sampling rate 10 ms) under "fixed end" and 
"length clamped" conditions, where optical diffraction meth-
ods maintain muscle length constant. We found (G. 
Cecchi, MA Bagni, P.J. Griffiths, C.C. Ashley & Y. 
Maeda (1991) Biophys J., in press) good agreement 
between the time course of equatorial signals and in-
stantaneous stiffness, another putative indicator of cross-
bridge formation. We also determined the time course 
and direction of lattice spacing changes, which ac-
company tension development, under length clamped 
conditions. These revealed a radially-directed, compres-
sive component to force generation (Cecchi et al., 
1990). 

We have now achieved significant improvements in cham-
ber design and in the x-ray optics, and 5 ms sampling 
is possible, averaging over a smaller number of data col-
lection runs (ca. 20 tetani). We have examined lattice 
behaviour during shortening and stretch, and have deter-
mined the effects of lattice spacing on the radial force 
component. Our findings are consistent with transmission 
of force between actin and myosin filaments along a me-
chanical element whose orientation causes the force vec-
tor to have varying radial and axial components. Com-
pression of the lattice reduces the radial component, ex-
pansion increases it. During high velocity shortening ra-
dial force is rapidly discharged. On termination of shorten-
ing, it redevelops more slowly, and lattice recompression 
is incomplete even when the axial force has recovered 
to its plateau value. This may indicate a reorientation of 
bridges during the course of a tetanus. These findings 
provide information on the geometrical arrangement of com-
ponents of cross-bridge structure, and have implications 
for the interpretation of both the length-tension relationship 
and the tension transients accompanying a step length 
change. 

Our future studies will explore these implications and will 
also analyse the intensity changes occurring under isotonic 
conditions. 

Laser temperature-jump studies on relaxed 
skeletal muscle (M. Schrumpf & J.S. Wray 
(MPI Heidelberg) and G. Rapp) 

In relaxed skeletal muscle cooling causes changes in the x-
ray diffraction pattern which suggests that the cross-bridges 
move away from their ordered positions. This order/disorder 
transition is fully reversible. If this global change in cross-
bridge structure is associated with the enzymatic state, 
then a link has to be sought between structure and the 
states M.ATP, M.ADP.Pi, M.ADP and M that are expected 
to occur in the ATPase cycle of myosin. We are studying the 
relationship of cross-bridge structure to the occupation of the 
active site, by substituting other nucleosides for adenosine, 
and replacing P in the TPosition with possible analogs of the 
phosphate group. In our approach we used the intensities 
of the equatorial reflections 10 and 11 respectively as a 
measure for the degree of order/disorder. Changes in the 
x-ray pattern after a laser temperature jump were monitored 
with 1 ms time resolution and showed that the effect of 
temperature on the structure of the thick filaments does 
depend on the nucleotide. 

Incubation of fibres under relaxing conditions with vanadate 
(Vi) is expected to result in gradual accumulation of the 
complex M.ADP.Vi, from which the release of Vi is extremely 
slow. Binding of Vi considerably affected the kinetics of the 
temperature-related structural changes. In normal relaxed 
psoas fibres, the equatorial reflections change in intensity 
in the course of 10-30 ms after a jump in temperature. 
In muscle fibres treated with Vi, the structural change is 
too fast to be accurately measured. Since the effect of 
temperature can be changed by specific interventions at 
the active site, it presumably does reflect a correlation of 
structure with enzymatic state. Most of the temperature 
effect occurs rapidly, supporting our original proposal that 
the states M.ATP and M.ADP.Pi differ in structure, the latter 
being "ordered" and favoured in the warm. 

Time-resolved x-ray diffraction experiments 
following photolytic relaxation of rabbit 
psoas fibres (K.J.V. Poole (MPI, Heidelberg) 
and G. Rapp) 

The model of the cross-bridge cycle of muscle contraction 
arises from the results of structural experiments and from 
biochemical data. A major drawback is that the assumed 
kinetics in this model is based on measurements on isolated 
proteins in solution, i.e. where no work is performed. Our 
aim is to measure rate constants of the enzymatic cycle 
within muscle fibres. The strongest equatorial reflections 10 
and 11 respectively serve as a signal. Using photolysis of 
caged compounds to trigger a reaction, the accompanying 
structural changes are monitored with a time-resolution of 
1 ms. Heat production and ATPase activity are greater 
when active muscles are allowed to shorten (the Fenn 
effect) and so it is expected that some rate or rates in the 
cross-bridge ATPase cycle are faster at lower cross-bridge 
strains. To investigate the effect of strain on the cross-bridge 
detachment rate, relaxed preparations are first stretched to 
sarcomere lengths of 2.9-3 J.Lm to produce a significant 
passive tension so that, when in rigor, the rigor tension 
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could be fully released shortly before caged-ATP photolysis 
without the fibres slacking in the x-ray beam. Reducing the 
strain in this way does not appear to affect the rate of the 
ATP induced equatorial change. 

The addition of 1 mM ADP to the rigor fibres leads to a 
slower and very complex ATP induced tension relaxation. In 
contrast, the effect on the 11 equatorial change is a simple 
reduction in the rate of ca. 3 fold (t1l2 9-10 ms), indicating 
that the release of ADP from the rigor bridges is limiting the 
rate of ATP binding and bridge dissociation. This rate was 
not affected by reducing the rigor tension to zero before the 
ATP release and so appears to be strain insensitive. 

Time-resolved x-ray diffraction measurements 
on a living contracting mammalian smooth 
muscle (A. Arner (Univ. Lund, Sweden), 
J.S. Wray (MPI, Heidelberg) & G. Rapp) 

X-ray diffraction and electron microscopy studies of smooth 
muscle have demonstrated the presence of thick and thin 
filaments. The fundamental basis for contraction in this type 
of muscle is considered to be similar to that of striated 
muscle, i.e. involving interaction of cross-bridges between 
myosin and actin filaments. However, specific properties 
of the contractile system in smooth muscle indicate major 

. differences to striated muscle contraction. E.g. isolated thick 
filaments differ from those in striated muscle (Small et al., 
1988) and smooth muscle myosin can exist in two structural 
states (Onishi & Wakabayashi, 1982), properties which may 
be linked to an assembly and disassembly of the smooth 
muscle myosin filaments in the living cell at different phys-
iological conditions. Compared to skeletal muscle, smooth 
muscle is less well ordered. Using conventional x-ray diffrac-
tion on rabbit rectococcygeus (RC) muscle reflections on the 
equator (spacing 12 nm) and off-meridional actin layer-lines 
have been observed (Arner et al., 1988). On the meridian 
higher order collagen reflections and a strong reflection at 
14.5 nm-1 were observed. The intensity of the latter reflec-
tion is dependent on temperature and on the physiological 
state, i.e. whether the muscle is relaxed, activated or in rigor. 

We measured the intensity changes of the meridional re-
flections of RC muscle during contraction upon electros-
timulation and subsequent relaxation with a time-resolution 
of 250 ms. The collagen associated reflection does not 
change in intensity but the 14.5 nm reflection weakened 
during force development and recovered during force de-
cline. Since force production presumably involves assembly 
rather than disassembly of filaments this change suggests 
that cross-bridges move from their ordered arrangement on 
the thick filament during tension development in smooth 
muscle, as has been described for some striated muscles. 
Plate 74 illustrates the results. 

Dissipative ordered intermediates in phospholipid 
phase transitions (P. Laggner, M. Kriechbaum 
(Graz, Austria) & G. Rapp) 

Aqueous dispersions of phospholipids are widely discussed 
as structural models for the role of lipids in biological 
membranes. Their most interesting characteristic is the 
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PLATE 74 

Tension and myosin intensity of RC muscle upon electrostimulation. 
The time interval of the stimulus is indicated with a thick bar. 
Decrease of the intensity of the 14.5 nm reflection parallels the 
increase in tension. Tension decline is faster than the recovery of 
the intensity of the reflection. 
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mesomorphic phase behaviour which we investigated 
by infrared-laser induced temperature jump relaxation, 
whereby the phospholipid system is rapidly heated through 
a phase transition by the laser pulse, and the structural 
rearrangements during the relaxation to the new equilibrium 
state are monitored by the time-development of the diffrac-
tion pattern. Such investigations on heterologous phase 
transitions, i.e. transitions between phases of different sym-
metries, have led to the detection of transient intermediate, 
ordered structures which are not visible under equilibrium 
or close-to-equilibrium, slow scanning conditions. For the 
"pretransition" between the lamellar gel and the rippled, 
monoclinic phase of synthetic phosphatidylcholines (PC) the 
first step, faster than 1 ms, is the formation of a lamellar lat-
tice with a period of narrower spacing than that of the parent 
phase. The lifetime of this lattice depends on e.g. amplitude 
of the T-jump, ionic strength and hydrocarbon chain length, 
and ranges between 5 and about 100 ms. Generally, this 
intermediate coexists with the parent structure, but in some 
cases, is the only component visible right after the jump. The 
second, slower process, occurring in the order of seconds, 
is the gradual widening of the lattice and the formation of 
a two-dimensional, modulated ("rippled") structure. Under 
slow-scan, or equilibrium conditions, the situation is entirely 
different: over the transition temperature range, the system 
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PLATE 75 

Top: Time-resolved development of the small-angle diffraction 
pattern after a temperature jump through the (La-Hill transi-
tion. 
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loses any long-range order. A similar process was found 
for the lamellar to inverse hexagonal (La-HII) transition of 
phosphatidyl-ethanolamines: here the first rapid step «5 
ms), is the formation of a thinner lamellar lattice, followed 
by slow formation of the hexagonal lattice. Again, the thin in-
termediate lamellar lattice is not observed under equilibrium 
conditions. The mechanism of phase transitions, therefore, 
involves different structural pathways, depending on the 
magnitude of the driving force, and can proceed through 
dissipative ordered states (Plate 75). 

Non-crystalline systems (M.H.J. Koch, 
Z. Sayers & P. Brouillon) 

Improved sealed pressurized linear (20 cm) gas chambers 
built by Andre Gabriel and Frangois Dauvergne (EMBL-
Grenoble) were installed and used for projects requiring a 
high spatial resolution mm), such as those on lipids 
and bacteriorhodopsin. The X33 beam-line was equipped 
with a microVAX with a new CAMAC interface and the 
drivers modified by F. Golding (Manchester). This configu-
ration was also implemented on the EXAFS beam-line. The 
PC-CAMAC system was further used for development and 
optical experiments and its display facilities were enhanced. 
Software was produced to allow processing of data acquired 
with the delay line detectors produced in Grenoble and 
commercial PC cards with our standard programs. The 
latter now include conversion routines for data input to 
other popular data analysis and graphics software pack-
ages. 
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Bottom: Time dependence of the first-order peak position. Decreas-
ing and increasing intensities are indicated by the changes in line 
thickness. 
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Some developments were limited by reduced levels of 
technical support, especially in electronics, and new 
projects could not be started. The effort during beam-
time were concentrated on terminating all ongoing 
projects before the shutdown and this was success-
ful. 

Purification of copper metal/othionein (MT) 
from yeast 

The aim of this project is to find suitable conditions to 
purify copper metallothionein (MT) from yeast to resolve 
the inconsistencies regarding the structure of the metal 
clusters inferred from x-ray spectroscopy. Two approaches 
have hitherto been followed. First, the protein was puri-
fied from a copper resistant strain of S.cerevisiae using 
conventional chromatographic methods but yields were low 
and the final product not homogeneous. Further, in collab-
oration with C. Vorgias, the yeast MT gene was cloned 
and expressed in bacteria. The MT gene in yeast chromo-
somal DNA was amplified using the in vitro amplification 
technique (PCR) so that the MT gene is stable but still 
expressible after induction. Plate 76 shows the expression 
of MT in cells transformed with the construct, as detected 
by 32S-labelling 40 min. after induction. Different conditions 
for cell growth and induction are being tested. Expres-
sion of the gene for a shorter sequence excluding the 8 
N-terminal amino-acids coded for in the yeast gene but 
not· detected in purified yeast MT is also being investi-
gated. 
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PLATE 76 

Autoradiogram showing the time course of induced M expression in 
E.coli. 32S-cysteine labelled cellular extracts from untransformed 
cells (lanes 1-3), from cells transformed with pET-3a vector (lanes 
4-6) and from cells transformed with the construct (lanes 7-9). Lanes 

Visiting groups 

Structural studies on collagen and fibrin 
(A. Bigi & N. Roveri, University of Bologna 
& M.H.J. Koch) 

Wet and air-dried leg flexor tendons in which the inorganic 
phase had been depleted by progressive demineralization 
were examined by x-ray diffraction. The good agreement 
with previous results (Bigi et al., 1988) on turkey leg flexor 
tendons at different degrees of calcification down to about 
20% weight suggests that calcification is reversible under 
the conditions used to decalcify tendon. At inorganic phase 
contents below 15% weight, the mean length of the in-
organic blocks, which in calcified samples are regularly 
arranged inside the gap region of the collagen structure, 
is reduced and the gap region can more easily contract 
upon air-drying. There is a decrease of the structural or-
der of the collagen fibrils upon decalcification which is 
paralleled by a decrease of the thermal stability of colla-
gen. 
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1, 4 and 7 samples taken immediately before induction, lanes 2,5,8 
samples taken 40 mins after induction and lanes 3, 6 and 9, samples 
taken at 40 min. from controls not treated with IPTG. 

Previous data on the structural modifications of wet tendon 
collagen upon heating were also analyzed and the results 
suggest that variations occur in the values of the crimp 
parameters of collagen. To investigate these structural mod-
ifications during shrinkage in detail, x-ray patterns from rat 
tail tendon collagen fibres rotated around their fibre axis 
were collected at temperatures between 25D and 70D e. 

Small-angle scattering patterns from fibrin films submitted 
to different mechanical deformations were collected. Films 
prepared from coarse and fine fibrin clots were submitted to 
increasing uniaxial elongation and air dried under constant 
load. The results (Bigi et al., 1990) indicate appreciable 
modifications of the half-staggered overlapping molecular 
packing as a function of mechanical deformation. 

Ultrastructural investigations on Morbus Dupuytren 
tissue (H. Notbohm, Med. Univ. Lubeck 
& M.H.J. Koch) 

The mechanism by which joint contracture occurs in 



Dupuytren's disease (MD) is still unclear despite the large 
number of studies published since the first description by 
Dupuytren in 1832. The disease is an active cellular process 
resulting in the overproduction of new collagen. Its charac-
teristic biochemical (1), morphological (2) and ultrastructural 
(3) features are: (1) Increase of type III collagen in MD tis-
sue; (2) Increased rate of proliferation and differentiation of 
fibroblasts to myofibroblasts; (3) Changes in fibre formation. 
In normal tissue flat interweaving fibres are held together by 
a fine feltwork of fibrils that generally does not fuse with the 
fibres. In MD tissue there is a meshwork of fibrils (polymeric 
collagen) which coalesces into discrete fibres only focally 
and separates again within a short distance. The ultrastruc-
tural alteration of collagen leading to diffuse fibre formation 
is the topic of interest in this project. In a preliminary study 
the diffraction patterns of normal and MD samples of palmar 
aponeurosis were compared. Stretched and dried samples 
of normal aponeurosis yield good x-ray diffraction patterns 
with a low background and well-defined collagen diffraction 
peaks. Samples from MD-nodules have entirely different 
properties. They can hardly be stretched, indicating that the 
fibrous network is not oriented in a uniform manner. The 
diffraction pattern displays a strong background with very 
poorly defined diffraction maxima corresponding to a largely 
amorphous structure. 

X-ray solution scattering study of the cofactor 
and activator induced structural changes in 
yeast pyruvate decarboxylase (PDe) (G. HObner, 
S. Konig & A. Schellenberger (Martin-Luther 
University, Halle/S.) and M.H.J. Koch) 

The previous measurements in which the kinetics of the 
reversible dissociation and concomitant deactivation of the 
holoenzyme were investigated, suggested that the molecu-
lar mass in solution was lower than 240 kDa assuming that 
the enzyme is an a.2fh tetramer (Sieber et aI., 1983). The 
discrepancy between this value and that found by solution 
x-ray scattering indicates a more complex equilibrium. The 
scattering patterns of enzyme solutions equilibrated at var-
ious pH values between 6.0 and 8.5 were measured and 
suggest an equilibrium between tetramers and dimers in 
the pH range 7.4 to 8.0 and that at pH values above 8 
even monomers occur. At pH 6.0 only about 75% of the 
enzyme exists as dimers. The 50% reduction in forward 
scattering previously observed is related to the dissociation 
of tetramers as well as of dimers. Both species are en-
zymatically equally active, explaining the parallel between 
tetramer-dimer-monomer equilibrium and enzymatic activ-
ity. The study of the factors influencing the equilibrium is 
important for establishing conditions for crystallisation as 
well as for the planned EXAFS and fluorescence measure-
ments. 

Kinetics of binding of tropomyosin to actin 
filaments (C. Weigt & A. Wegner (ROhr-Univ. Bochum) 
and M.H.J. Koch) 

The time-dependence of the binding of tropomyosin to 
actin was followed by x-ray scattering. The reaction was 
also monitored using a fluorescent dye covalently bound 
to tropomyosin. The fluorescence intensity of this dye 

changes upon binding of tropomyosin to actin filaments. 
X-ray scattering is carried out at relatively high concentra-
tions, whereas the fluorescence measurements are made 
at low concentrations. The two methods are complementary 
and allow the covering of a wide range of concentrations. 
Time-resolved x-ray scattering indicated that tropomyosin 
binds to actin in less than 50 ms. The radius of gyration 
of the cross-section of actin increases by 0.3 nm and the 
forward scattering increases and both values have already 
reached a plateau after 50 ms. 

Fluorescence measurements yield the time dependence of 
the concentration of tropomyosin bound to actin. At the lower 
concentrations at which these measurements are made the 
reaction is slower but binding is almost complete after 3 s. 
These measurements provide the first values of the rate of 
binding of tropomyosin to actin. Excellent agreement with 
the experimental results can be obtained in model calcu-
lations by assuming a rapid equilibrium between isolated 
bound tropomyosin and free tropomyosin and irreversible 
association of subsequent tropomyosin molecules in the 
neighbourhood of those that are already bound. 

Effect of troponin phosphorylation on the interaction 
with thin filaments (K. Vlachantoni, K. Jacquet 
(ROhr-Universitat Bochum) and M.H.J. Koch) 

Each of the T- and I-subunits of cardiac troponin contains 
two phosphoserines. Phosphorylation of troponin I influ-
ences the Ca-affinity of troponin C possibly by a modifica-
tion of the affinity of the Mg2+ -specific sites and one may 
suspect that phosphorylation of troponin influences these 
interactions. Formation of the troponin-tropomyosin complex 
was followed by fluorescence measurements on gelsolin-
capped actin filaments, stopped-flow measurements using 
fluorescence labelled tropomyosin and x-ray solution scat-
tering. It could be shown that completely phosphorylated 
and partially dephosphorylated troponin binds very rapidly to 
tropomyosin. Solution scattering gave a radius of gyration of 
4.0 nm for phosphotroponin, 3.4 nm for dephosphotroponin 
and 3.5 nm for the troponin-tropomyosin complex. The inter-
action of the troponin-tropomyosin complex is considerably 
altered by phosphorylation/dephosphorylation. 

Time-resolved x-ray studies on structural changes 
in bacteriorhodopsin during the photocycle 
(N.A. Dencher & G. BOldt (Freie Universitat Berlin), 
D. Oesterhelt (MPI fOr Biochemie, Martinsried) 
and M.H.J. Koch & G. Rapp) 

The time course of structural changes accompanying the 
decay of the M412 intermediate to the BR568 ground state 
in the photocycle of bacteriorhodopsin (BR) from Halobac-
terium halobium was studied at room temperature with a 
time resolution of 15 ms using x-ray diffraction. The M412 
decay rate was slowed down by employing mutated BR 
Asp96Asn purple membranes at two different pH-values. 
The observed light-induced intensity changes of in-plane 
x-ray reflections were fully reversible. 

The overall x-ray intensity change between the M412 in-
termediate and the ground state was about 9% for the 
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PLATE 77 

Diffraction pattern of purple membranes with mutated BR Asp96Asn 
(pH 9.6, 100 mM carbonate buffer, 0.5 M KCI) in the light-adapted 
ground state BR568 (---) and in the M412 intermediate 
(+++++), obtained in alternating dark and light intervals of 1 min. 
The total data collection time for each pattern was 20 minutes. Or-
dinate: Lorentz corrected intensity I(s), abscissa: scattering vector 
s=2 sin *. Reflections are indexed on a hexagonal lattice. 
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different samples investigated and is associated with elec-
tron density changes close to helices G, 0 and B. Similar 
changes, confirming earlier neutron scattering results at 
-180D C, were observed with wild-type BR retarded with 2 
M guanidine hydrochloride (pH 9.4). The results, illustrated 
in Plates 77 and 78, unequivocally prove that changes in 
the tertiary structure take place during the photocycle of 
BR. This project illustrates the possibility of using powder 
diffraction for time-resolved crystallography even on fairly 
large systems. 

Effect of cholesterol on aggregational forms of 
lecithin and bile salts (G.J. Semjen & 
T. Gilat (Ichilov Hospital, Tel-Aviv, Israel), 
E. Wachtel (The Weizmann Institute of Science, 
Rehovot, Israel) and M.H.J. Koch & Z. Sayers) 

The modes of cholesterol solubilization in bile are being 
studied as part of a search for the mechanism of cholesterol 
gallstone formation. Recently phospholipid lamellae were 
found to be the major cholesterol carriers in human gall-
bladder bile (Semjen et al., 1990). To investigate this phe-
nomenon in pure lipid mixtures, model solutions of lecithin, 
cholesterol and six different bile salts and their mixtures in 
physiological proportions were examined. 

Lecithin in aqueous solutions aggregates to form multilamel-
lar structures. In the presence of bile salts, in all proportions 
examined (between 2 to 0.6 molar ratio of lecithin to bile 
salts) no such multilayers were observed. Analysis by the 
indirect transformation procedure of Glatter et al. (1977) 
showed bilayer discs of maximal dimensions of 6 to 10 nm. 
Their size increases with the phospholipid to bile salt ratio. 
It seems therefore that bile salts prevent the formation of 
multi lamellar layers. 
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PLATE 78 

Time course after a short light flash (0.75 ms FWHM) at t=O s of the 
integrated intensity including background under the (3,2) and (4,1) 
reflections for mutated BR Asp96Asn at neutral pH in the absence 
of buffer and KC!. The bottom curve represents the time course of 
the background under the (4,1) reflection. Data were collected with 
a time resolution of 15 ms. 
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Cholesterol was solubilised in the non-interacting lamellae 
in all cases examined up to the saturation level calculated 
according to Carey (1978). Cholesterol enlarged the size 
of lamellar discs by no more than 10%. At supersaturat-
ing cholesterol concentrations a peak due to multi lamellar 
stacking was identified with a repeat distance between 6 
to 9 nm. Cholesterol to phospholipid molar ratios were 
always above 0.4. The peak due to stacked lamellae was 
superimposed on the curve of the non-interacting particles 
present. Crystalline cholesterol domains were found only in 
solutions were lecithin was not present. Cholesterol appears 
to enhance the surface interaction between the lecithin bile 
salts lamellae. Since stacked lamellae solubilise a large 
amount of cholesterol they might prevent crystallisation 
which would otherwise be expected in supersaturated so-
lutions. 

Structural polymorphism of deep rough mutant 
lipopolysaccharide (K. Brandenburg & 
U. Seydel (Forschungsinstitut Borstel) and 
M.H.J. Koch) 

Lipopolysaccharides (LPS), are the major amphiphilic con-
stituents of the outer leaflet of the outer membrane of gram 
negative bacteria. They are thought to be responsible for 
the high order of this membrane and its low permeability. 
Free LPS induce a variety of biological effects in mammals. 
The induction mechanism of these effects may depend on 
the supramolecular structures LPS can form in aqueous 
solutions as well as on their primary chemical structures. 
The structural polymorphism of deep rough mutant (Re)LPS 
- in many biological assays the most active endotoxins 
- was studied by x-ray diffraction as a function of water 
content, concentration of divalent cations and temperature. 
The results may be summarized as follows: 



At physiological water content, concentration of Mg2+ 
and temperature, Re-LPS aggregates preferentially as-
sume non-lamellar cubic structures. 
Inverted HII-structures are observed at high, physiolog-
ically not relevant temperatures (70 to 80°C), and the 
transitions from cubic to HII-structures are decoupled 
from the b--+a acyl chain melting transition. 
Cubic structures are favoured at high water contents 
and low Mg2+ concentrations. 
Lamellar structures are adopted exclusively at lower 
water concentrations «50%) and predominate at 
higher water concentrations in the presence of suffi-
cient Mg2+ (molar ratio (LPS)/(Mg2+) 5:1 to less than 
1 :1). 
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Crystallography 

Refinement of crystal structure of 
seryl-tRNA synthetase from E. coli 
(N. Nassar & S. Cusack) 

Seryl-tRNA synthetase from E.coli (SRSEC) is a dimeric 
enzyme of 2x430 amino-acids that catalyses the attach-
ment of serine to tRNASer isoacceptors in the presence 
of Mg++ and ATP. The crystal structure determination by 
the method of multiple isomorphous replacement and a 
preliminary description of the structure were given in last 
year's report and have also been published (Cusack et al., 
1990). 

Using image-plate diffraction data measured to 2.5 A at 
the EMBL Hamburg Outstation, refinement has now been 
completed. This was initially done using the GROMOS 
package (Fujinaga et al., 1989). The R-factor for the start-
ing model, built using the BONES and fragment fitting 
options of FRODO, was 45% for data between 6 A and 
3 A resolution. Energy minimization (EM) and molecular 
dynamics (MD) runs including the x-rays energy terms 
were done by coupling the system to a heat bath at 
T=300 K. Each MD run was carried out for 300 cycles 
(0.6 ps). Initially, an overall temperature factor of 20 A2 
and a constant x-ray energy weighting factor were ap-
plied. After the first cycle of refinement a short segment 
of sequence had to be translated in the electron den-
sity thus permitting the correct identification of the two 
major disordered loops (residues 223-229, 272-279). In 
subsequent MD runs the resolution was progressively in-
creased to 2.5 A and the x-ray energy weighting factor 
was made a function of resolution. Refinement of individual 
atomic B-factors reduced the R-factor to 21.7%. Interest-
ingly, the GROMOS refinement correctly revealed three 

cis-peptide bonds, two cis-prolines (Pro-211 and Pro-257) 
and an unusual cis-peptide between Gly-392 and Leu-393. 
Several cycles of Hendrickson-Konnert refinement (PRO-
LSQ) were then used to obtain a model with improved 
geometry. The final model includes 3397 protein atoms, 
96 water molecules and one putative detergent molecule 
(see below). The R-factor is 19.1 % for the 24212 re-
flections with 1>20" in the resolution range 6-2.5 A and 
20.9% for all measured data (26161 reflections) between 
25-2.5 A. 

Table 6 
r.m.s. deviations from ideal geometry 

after last refinement cycle 
r.m.s. target 

Distances (A) 
Bond distance 0.012 (0.015) 
Angle distance 0.046 (0.030) 
Planar 1-4 distance 0.065 (0.050) 

Planes (A) 0.010 (0.015) 

Chiral-center (N) 0.142 (0.10) 

Non-bonded contacts (A) 
Single torsion 0.195 (0.25) 
Multiple torsion 0.211 (0.25) 
Possible hydrogen bonds 0.204 (0.25) 

Torsion angles (0) 
Planar (0,180) 2.8 (3.0) 
Staggered (60,180) 24.6 (15.0) 
Transverse (90) 31.0 (20.0) 
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PLATE 79 

Seryl-tRNA synthetase from E.eo!; showing the major secondary 
structure 

H6 

The most significant feature of the final difference map 
is strong positive density in the putative active site. Its 
shape and environment (a tadpole with a narrow tail buried 
in a hydrophobic pocket and its head protruding into the 
active site) is inconsistent with ATP or seryl-adenylate but 
it could correspond to an amphiphilic detergent molecule. 
This hypothesis comes from the fact that a particular, impure 
mixture of detergents is absolutely required for growth of 
the crystals. A five-membered sugar ring with a six carbon 
chain, i.e. a hexyl-ribofuranoside, fits the density and refines 
stably (average B-factor 38 N) although a definitive identi-
fication cannot be made. This is discussed further below. 

A ribbon diagram of one subunit of the seryl-tRNA syn-
thetase dimer is shown in Plate 79 with the major secondary 
structural elements labelled. The two remarkable features of 
the structure are (a) the N-terminal antiparallel helical arm, 
which is presumed to be involved in tRNA binding and (b) 
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the globular domain, structured around a seven-stranded 
antiparallel ,a-sheet, which contains the dimer interface and 
the putative active site. Seryl-tRNA synthetase is thus the 
first synthetase of known three-dimensional structure which 
does not contain a dinucleotide binding (Rossmann) fold as 
part of its catalytic domain. In this it differs from the other 
synthetases whose structure are known (Tyr-, Met- and Gin, 
complexed with tRNA). 

Sequence analysis of aminoacyl-tRNA synthetases 
(S. Cusack, M. Hartlein & R. Leberman) 

The aminoacyl-tRNA synthetases are a very heterogeneous 
family of enzymes (e.g. in primary and quarternary struc-
ture) despite the fact that they perform essentially the 



same catalytic function. Recently however, important dis-
tinctions and similarities between the different synthetases 
have emerged. On the basis of sequence comparisons it 
is now clear that all twenty synthetases fall into two major 
classes; class 1 (characterised by two motifs) comprising 
the enzymes for arginine, cysteine, glutamine, glutamic acid, 
isoleucine, leucine, methionine, tryptophan, tyrosine, and 
valine and class 2 (characterised by three motifs) containing 
the enzymes for alanine, asparagine, aspartic acid, glycine, 
histidine, lysine, phenylalanine, proline, serine and threonine 
(Eriani et al., 1990; Cusack et al., 1990). From the four 
crystal structures known it can be hypothesized that the 
major structural difference between the two classes is that 
the catalytic domain of class 1 synthetases is based on 
a Rossmann fold whereas that of class 2 synthetases is 
based on an anti parallel fold (as in SRSEC). Furthermore 
this difference appears to be correlated with the initial site 
of aminoacylation (Eriani et al., 1990); class 1 synthetases 
aminoacylate the 2' OH of the ribose of the 3' terminal 
adenosine and class 2 synthetases the 3' OH (except 
phenylalanyl-tRNA synthetase). 

We have examined further the structural and evolutionary 
relationships of the ten class 2 aminoacyl-tRNA synthetases 
using manual sequence alignments and the known three-
dimensional structure of seryl-tRNA synthetase from E.coli 
(Cusack et al., submitted). We propose that the seven 
(32 dimeric synthetases can be subdivided into class 2a 
(proline, threonine, histidine and serine) and class 2b (as-
partic acid, asparagine and lysine), each subclass sharing 
several important characteristic sequence motifs. The a.2(32 
tetrameric enzymes (for glycine and phenylalanine) show 
certain special features in common as well as some of the 
class 2b motifs. The a.4 alanyl-tRNA synthetase is excep-
tional in apparently containing only one of the class 2 motifs. 
The sequence alignments suggest that the catalytic domain 
of other class 2 synthetases should resemble the anti parallel 
fold found in seryl-tRNA synthetase and permit predictions 
to be made about the sequence location of certain char-
acteristic secondary structural elements in this domain and 
suggest which residues are important in ATP and amino-acid 
binding. Strong homologies are also found in the N-terminal 
extensions of class 2b synthetases and in the C-terminal 
extensions of class 2a synthetases suggesting that these 
putative tRNA binding domains have been added at a later 
stage in evolution to the catalytic domain. It is clear that 
further understanding of this kind will throw important light 
on the evolution of the protein biosynthetic machinery and 
possibly the genetic code. 

New crystal form of seryl-tRNA synthetase from 
E.coli using pure detergent and substrates 
(N. Nassar, S. Cusack 
& R. Leberman) 

Seryl-tRNA synthetase from E.coli (SRSEC) was first crys-
tallized in 50% ammonium sulfate, Tris-HCI buffer at pH 
7.6 and in the presence of a special batch of octyl-
glucoside (Leberman et al., 1987). Gas chromatography of 
this detergent showed it to be highly impure whereas pure 
octyl-glucoside failed to induce crystallization. As described 

above, the crystal structure reveals a small molecule bound 
in the active site which has been tentatively identified as 
a hexyl-ribofuranoside. This observation has led us to re-
sume crystallisation trials in the presence of pure hexyl-, 
heptyl- and octyl-glucoside as well as the small molecule 
substrates, ATP and serine. 

A new crystal form of SRSEC has been obtained under the 
same conditions as for the previous monoclinic form but 
with 2% (w/v) hexyl-, heptyl- and octyl-glucopyranoside with 
or without ATP or ATP+serine at different concentrations 
(0.5 to 50 mM). Needle-like native protein crystals grow only 
with hexyl- and heptyl-, and not with octyl-glucopyranoside; 
similar crystals grow in the presence of ATP or ATP and 
serine with heptyl- and octyl-glucopyranoside. They diffract 
to 3 A resolution in a synchrotron beam and belong to an 
orthorhombic space group with a unit cell of a=129.7 A, 
b=151.9 A, c=68.2 A. Note that the a and c axes are 
essentially unchanged from the original monoclinic (1121) 
form with cell dimensions: a=128 A, b=90.5 A, c=69.7 A and 
(3=91.08°. 

Further x-ray analysis of these crystals will help to test the 
following hypothesis: crystallisation of SRSEC requires two 
conditions to be fulfilled, (1) a particular conformation in the 
active site which can be induced either by ATP (or ATP and 
serine) or a hexyl- or heptyl-glucoside and (2) the presence 
of additional detergent possibly to assist in crystal packing. 
Hopefully we will also be able to determine the mode of ATP 
and seryl-adenylate binding to the synthetase. 

Low resolution neutron crystallography of 
seryl-tRNA synthetase from E. coli 
(C. Berthet-Colominas & M. Roth (ILL, CEA)) 

As described above, detergent is required for the crystallisa-
tion of seryl-tRNA synthetase. Using the contrast variation 
method and the known x-ray structure of the protein, neutron 
diffraction could in principle enable the detergent distribution 
to be determined as has been done for instance in the case 
of the photosynthetic reaction centre (Roth et al., 1989), 
although one might expect a much lower detergent concen-
tration than in crystals of membrane proteins. Collection of 
low resolution neutron diffraction data was begun in 1989 
on the joint EMBUILL diffractometer OB21. Four data sets 
at 0%, 25%, 70% and 100% 020 have now been collected 
at 13 A resolution. 

In contrast variation experiments the linearity of the structure 
factor amplitudes with contrast enables the four data sets 
to be scaled together and subsequently the amplitudes at 
any other contrast to be calculated. The contrast which 
minimises the R-factor between measured amplitudes and 
those calculated from the x-ray model of the protein alone is 
found to be 3% 020. This is not unreasonable since deter-
gent should have a match-point (i.e. zero forward scattering) 
at low percentage of 020. Phases can be then transferred to 
40% 020 where the protein is matched, to calculate a best 
density map using the statistical theory developed by Roth 
et al., (1987). From this a preliminary model of the detergent 
density distribution can be deduced. This process can be re-
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peated iteratively to achieve a joint protein/detergent model 
which minimizes the R-factor at each contrast. An unknown 
parameter is the total amount of the detergent in the unit cell. 
It is not refined in the program and several trials have been 
made to find the best agreement which was obtained when 
the volume of the detergent was assumed to be around 7% 
of the volume of the solvent. A further stage of refinement 
allows parameters such as scattering length density of the 
detergent to be optimized. The current R factors obtained 
are 21 %, 38% and 32% respectively for 3%, 40% and 100% 
020. Interpretation of the detergent map is now proceeding. 
However it is clear that the amount of detergent is quite low 
and indeed solutions ignoring the detergent are not so much 
worse than those including it (e.g. at 40% H20/D20 contrast, 
the R factor decreases from 45% to 38% upon inclusion of 
detergent). 

Solution studies on peptide 30-99 of 
seryl-tRNA synthetase from E.coli 
(V. Biou, S. Cusack, R. Frank (EMBL Heidelberg), 
C. Dobson & D.P. Raleigh (Oxford) 

The purpose of this work is to determine whether a polypep-
tide with the same amino-acid sequence as the N-terminal 
antiparallel coil-coil domain of seryl-tRNA synthetase from 
E.coli (residues 30-99) exists in solution with the same 
conformation it has in the protein crystal, and to test its 
potential for binding tRNA. 

About 30 mg of the peptide were synthesized by Rainer 
Frank's group at the EMBL, Heidelberg. The most extensive 
solution studies were made using circular dichroism (CD), 
at the CERMAV laboratory (Universite de Grenoble), and in 
Franc Pattus' group (EMBL, Heidelberg) and NMR, in col-
laboration with the group of C. Dobson, Inorganic Chemistry 
Laboratory, Oxford University. 

CD studies on the peptide alone under various conditions 
of pH and temperature were designed to find conditions 
of maximal a-helicity for subsequent NMR studies. The 
helix content was calculated using the Contin program 
(Provencher, 1982) and shows that the peptide is about 85% 
helical at pH 3 in 10 mM citric acid at 15°C, and 67% in 
10 mM phosphate buffer at pH7, same temperature. When 
the temperature is raised, the helix content decreases, 
the transition temperature being lower at pH7 than pH3. 
The spectra at different temperatures cross at the same 
(isobestic) point, consistent with a 2-state transition (see 
Plate 80). 

Using the results of the CD studies, the NMR experiments 
were performed at pH 3 in 10 mM acetic acid dissolved 
in 90% H20, 10% 020. A two-dimensional NOESY-TOCSY 
spectrum was measured at 15°C with a 200 ms mixing time. 
After treatment to eliminate the water peak, the spectrum 
shows a number of main-chain N-H to N-H cross peaks, 
situated very close to the diagonal and highly clustered. 
These cross peaks, along with those between NH-Ca and 
NH-C{3 are characteristic of a helical structure. Separation 
and assignment of the cross-peaks is very difficult probably 
due to the absence of aromatic residues which would spread 

202 

Q 

E 
"0 

N 
E 
t.:> 

0.. 
<U 

the spectrum and the degeneracy of amino-acid types (e.g. 
11 glutamic acids and 10 leucines). 

The CD and NMR results seem to confirm the existence of a 
solution conformation similar to that in the crystal structure of 
the whole protein. The NMR spectrum would be very difficult 
to assign as it is, but it could be improved for instance 
by introducing aromatic residues into the sequence or by 
incorporating isotopically labelled residues C5N or 13C). 

Preliminary CD experiments have been performed to test 
for the ability of the peptide to bind tRNA. It might be 
expected for instance that the helical content increases upon 
binding as observed in the case of specific DNA binding 
to "leucine zipper"-type DNA binding domains. CD spectra 
were obtained at pH 7 with two different stoichiometries of 
peptide:tRNASelcys (which is specifically charged by seryl-
tRNA synthetase), 1:1 and 1 :3. There are changes both in 
the spectral range 180-240 nm (dominated by the peptide) 
and the range 240-300 (dominated by the tRNA) and that 
these changes increase with relative tRNA concentration. 
Further experiments are necessary (e.g. with non-cognate 
tRNAs) to establish the significance of these effects. 

Crystallography of seryl-tRNA synthetase 
from Thermus thermophilus (M. Fujinaga, 
C. Berthet-Colominas, S. Cusack, M. Garber (Pushchino), 
A. Yaremchuk (Kiev) & M. Tukalo (Kiev)) 

Crystals of seryl-tRNA synthetase from T.thermophilus 
(space-group P21) were first grown in Russia in 1989 and 
subsequently characterized at EMBL in Grenoble (Garber et 
al., 1990). Native data sets have now been measured both 
on the FAST area detector at the CNRS in Grenoble and 
on synchrotron beamline X11 at the Hamburg Outstation 
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of EMBL with the image plate detection system. In each 
case only one crystal was used for the data collection. At 
Hamburg a data set was also collected with a crystal soaked 
in 5 mM ATP and 10 mM MgCI2 but these conditions led to 
a significant deterioration in crystal quality. 

Data set Native Native +ATP 
Detector FAST Image plate Image plate 
Total # refl. 56858 234441 73518 
Unique refls. (%) 30627 (88%) 44704 (97%) 19035 (86%) 
Resolution limit 2.7 2.5 3.2 

Rmerge 0.048 0.060 0.087 

The crystal structure of the presumed homologous enzyme 
from E.coli was used to solve the structure by the method 
of molecular replacement. The orientation of the model in 
the crystal was obtained unambiguously by the use of the 
fast rotation function of Crowther as shown in Table 7. 

Table 7 
Q {3 'Y 0-100 rms 

1 135.0 155.0 315.0 100 3.57 
142.5 20.0 220.0 92.31 3.27 
135.0 180.0 355.0 78.40 2.74 

2 142.5 20.0 220.0 100 3.95 
137.5 155.0 315.0 99.14 3.92 
35.0 5.0 330.0 80.01 3.10 

3 135.0 155.0 315.0 100 2.91 
155.0 170.0 40.0 95.50 2.76 
145.0 25.0 220.0 94.23 2.72 

4 147.5 20.0 215.0 100 3.17 
132.5 155.0 310.0 92.52 2.91 
120.0 180.0 340.0 88.24 2.76 

Table 7: Rotation function results for Thermus thermophilus crystal 
data using the monomer of seryl-tRNA synthetase from E.coli as 
search model. (1) complete model, 4-30 A data, 23A radius of 
integration. (2) model without helical arm, 4-30 A data, 23 A radius 
of integration. (3) complete model, 3-30 A data, 17.5 A radius of 
integration. (4) model without helical arm, 3-30 Adata, 17.5 Aradius 
of integration. 

The two peaks which persist in the four different conditions 
shown above are related by a two-fold rotation, correspond-
ing to a dimer of the enzyme as in the E.coli enzyme. 
The translation function (Fujinaga & Read, 1987) of each of 
these orientations gave a unique and unambiguous solution. 
Even though the amino-acid sequence of the T.thermophilus 
enzyme is not known, the clear solution of the molecular re-
placement indicates that the two enzymes are quite similar. 

The lack of the amino-acid sequence and the relatively low 
resolution of the available data (2.5 A) make the subse-
quent structure refinement difficult. A poly-alanine structure 
has been used as the starting model, with certain regions 
deleted from the structure factor calculation. In this way, the 
problem of model bias is avoided. Side-chain or main-chain 
atoms are added only if they are visible in the electron 
density map. Cycles of map fitting and crystallographic 

refinement using molecular dynamics (Fujinaga et al., 1989) 
with non-crystallographic restraints are currently being per-
formed. 

Crystals of the complex between seryl-tRNA 
synthetase and tRNASer from Thermus 
thermophilus (A. Yaremchuk (Kiev), 
M. Tukalo (Kiev), C. Berthet-Colominas 
& S. Cusack) 

Three different crystal morphologies have been obtained of 
the complex of seryl-tRNA synthetase and tRNASer from 
Thermus thermophilus although only one form has been 
characterized. These grow as bipyramids up to dimensions 
0.8x0.4xO.2 mm3 in about 28% ammonium sulphate. They 
have been characterized by precession photography using 
a GX13 rotating anode x-ray generator with double-mirror 
focusing optics operated at 40 KV/40 mA. Under these 
conditions, the crystals are stable in the beam at room 
temperature for several days. The crystals diffract on still 
photographs to 7.5 A resolution. They are tetragonal with cell 
dimensions a=b=126.7 A, c=463 A. Systematic extinctions 
along the 001* axis indicate the presence of a four-fold screw 
axis. At the current resolution of the precession photographs 
(8 A) it is not possible to distinguish between spacegroups 
P4122 and P41212 (or enantiomorphs) since the only spots 
visible along the axis h*OO (or k*OO) are the 200 and 400 
reflections. This unit cell would imply a Vm of 12 A3/Dalton if 
the asymmetric unit were one monomer of complex compris-
ing the synthetase monomer of about M r 48,000 and one 
tRNA molecule of about M r 28,000. Given the weakness 
of diffraction, the most likely situation is that the asymmetric 
unit contains a dimer of synthetase and two tRNA molecules 
implying a Vm of 6 A3/Dalton. Recent experiments on the 
new wiggler beamline at LURE (wavelength 1.28 A) show 
that the diffraction limit is improved to about 5.5 A although 
the crystal lifetime is short. Even at this resolution however, 
important clues to the mode of binding of the tRNA to the 
synthetase can be obtained. 

Methods for phase and structure refinement in 
crystallography (M. Fujinaga) 

Improvements have been made to the program for perform-
ing crystallographic refinement using molecular dynamics 
(Fujinaga et al., 1989). The program now allows for the inclu-
sion of phases as additional restraints, non-crystallographic 
symmetry restraints and the possibility of omitting atoms 
from the structure factor calculation. Additional features, 
still to be implemented, include crystallographic symmetry 
contact checking and a facility for changing the dimension 
of the program. 

The ability to include phases as restraints has been used 
in a new method of phase refinement and phase exten-
sion. Given a starting phase set, a loose atom model is 
derived from the initial electron density map. The atoms 
can move independently, constrained only by a modified 
water potential between the atoms which forces them to 
be separated by bonding distance and to tend toward a 

203 



tetrahedral arrangement. The second condition is required 
to prevent the formation of a close packed arrangement that 
would result with a simple spherically symmetric potential. 
This model is then refined using the phases as constraints. 

The method has been tested using the data for phos-
pholipase A2 (Dijkstra et al., 1981). The structure had 
been solved by the multiple isomorphous replacement (MIR) 
method and had subsequently been refined at 1.7 A reso-
lution to an R-factor of 0.17. To test the new refinement 
method, all the structure factor amplitudes to 1.7 A resolution 
and MIR phases to 2.5 A resolution were used. The initial 
phase error (figure of merit), as measured by the average 
cosine of the phase error (cos was 0.58 for phases up to 
2.5 A resolution. This value could be improved to about 0.65 
by either the new method or the method of solvent flattening. 
For extending the phases from 2 A to 1.7 A the new method 
showed a significant improvement over the solvent flattening 
method. 

Cryocrystal/ography and diffuse scattering 
(T. ThOne & S. Cusack) 

A project was started to investigate correlated internal mo-
tion in proteins by interpretation of thermal diffuse x-ray 
scattering. The system being studied is the monoclinic crys-
tals of seryl-tRNA synthetase for three reasons. Firstly it 
has been noticed from film and image-plate data collected 
at the synchrotron that the diffuse scattering from these 
crystals is rather intense. Secondly it may be supposed that 
this protein, with its remarkable two domain structure, may 
exhibit functionally significant movements. Thirdly, prelimi-
nary experiments had shown that it was possible to freeze 
the crystals to cryogenic temperatures (e.g. 100 K) while 
maintaining high resolution diffraction. This would mean 
that the temperature dependence of the diffuse scattering 
could be used to aid interpretation of dynamic effects and to 
discriminate against static disorder. In addition, the crystal 
structure of the synthetase at low temperatures would be of 
interest to reveal further details of the solvent structure and 
possibly on functional loops disordered at room tempera-
ture. 

Work this year has concentrated on trying to collect data at 
low temperature and development of the theory of diffuse 
scattering from correlated motions in proteins. Cryo-data 
collection turns out to be tricky and so far no complete data 
set has been measured. A partial data set was collected 
using the Enraf-Nonius cooling system on a FAST detector, 
the crystal being pre-soaked in glycerol as cryo-protectant. 
At about 100 K the crystal cell dimensions become (space 
group 1121) a=129.5 A, b=86.9 A, c=69.1 A, ,8=91.85°, which 
represents a 3% reduction in unit cell volume compared to 

Derivative Resolution Completeness 
UAc 50 JLM 2.8A 91% 
UAc 2.5 mM 2.8A 87% 
Eu 2.5 mM 2.8A 92% 
Native 2.2A 91% 

204 

Table 8 

room temperature. Interestingly, the a-axis has increased 
and the b-axis decreased and the mosaic spread was about 
0.8°. Different methods of crystal freezing (with various 
cryoprotectants, in oil, shock freezing in liquid propane) were 
tried out at the EMBL workshop on cryocrystallography, 
but further serious efforts in this direction will await the 
installation in Grenoble (in early 1991) of a MarResearch 
image plate system equipped with an Oxford Cryosystems 
cooling device. 

Meanwhile an approach to the simulation of thermal diffuse 
scattering from protein crystals is being developed using the 
concept of normal modes of vibration. 

Crystal structure of neuraminadase from 
influenza virus B/Beijing (W. Burmeister, 
S. Cusack, S. Dayan & R. Ruigrok) 

Neuraminidase is one of the two surface glycoproteins of 
influenza A and B virus strains and consists of a box-like 
head on the end of a thin stem. The enzyme can be released 
by tryptic digestion giving a homo-tetramer of about 200 
kDaltons. Trigonal crystals of the neuraminidase from strain 
B/Beijing/1/87 have been obtained by microseeding, the 
conditions being 7.2% PEG, 75 mM NaCI, 60 mM phosphate 
pH 7.9 and 7 mg/ml protein. The space-group is P3121 with 
a=b=88.9 A, c=222.8 A (Burmeister et al., 1991). 

In 1989 a native data set to 2.2 A resolution was mea-
sured using the image-plate system at EMBL, Hamburg. 
However, as the co-ordinates of the neuraminidase from 
an influenza A-strain are not publically available, we have 
had to solve the structure de novo by the isomorphous 
replacement method. Packing considerations initially led to 
doubts as to whether the neuraminidase was still tetrameric 
in the crystal, particularly as self rotation functions did not 
indicate the presence of a non-crystallographic 4-fold axis. 
However, careful crystal density measurements suggested 
the presence of 3 tetramers in the unit cell, which was 
confirmed later from the positions of the heavy metal atoms. 

The search for derivatives was carried out at the LURE 
synchrotron at Paris/Orsay using precession photographs 
and on a FAST system at the CNRS at Grenoble. Data were 
also collected on the DIP100 image plate system at EMBL 
Heidelberg. Despite trials of many mercury compounds and 
noble metal halogen ide complexes, only 10 mM europium 
nitrate in Tris-acetate-buffer pH 7.3 and uranyl acetate at 
varying concentrations in Tris-acetate buffer pH 6.8 gave 
suitable derivatives. Three good datasets were collected on 
the image plate to 2.8 A resolution on the X11 beamline of 
the EMBL Outstation at DESY in Hamburg (see table 8). 

Indep.hkl Rsym on I Isom. ditto Sites 
24340 6.6% 13.2% 5 
22587 6.6% 18.1% 7 
23809 4.8% 10.4% 1 
47649 7.7% - -



One common major site in a special position was easily 
found, but the location of the minor sites was only possible 
with a difference Fourier-map using the major site and 
anomalous scattering from the first uranium derivative for 
phasing. The minor sites indicated clearly the presence of 
neuraminidase tetramers in the crystal with their 4-fold axis 
coincident with the 2-fold crystallographic axis. Despite the 
weak heavy metal contribution (a total of 2 uranium atoms 
for 200 kDa of protein for the best derivative) phases were 
calculated (figure of merit 0.59). They could be improved 
using 9 cycles of real-space non-crystallographic averaging. 
Four cycles of pure solvent flattening were then used in 
phase extension. Finally a well defined electron density 
map was obtained at 2.6 A resolution which permitted the 
protein chain to be built in a straightforward manner. Not 
unexpectedly, the overall fold of the protein is very similar 
to that of the A-strain neuraminadase (Vargese et al., 1983). 
Refinement is in progress. 

Bacterial protein biosynthesis 

Structure-function relationship in the 
E.coli seryl-tRNA synthetase (SRSEC) 
studied by site-directed mutagenesis 
(D. Madern & M. Hartlein) 

SRSEC is composed of 2 identical subunits containing 
430 amino-acid residues. The N-terminal domain (residues 
24-102) is an arm-like structure made of 2 a helices. The 
core of the C-terminal domain is built out of 7 anti parallel 
,B-strands forming a pocket; the putative active site of the 
enzyme (Cusack et al., 1990). 

At present no crystals of complexes between SRSEC and 
its substrates (serine, ATP and tRNNer) are available. To 
define parts of the enzyme involved in the binding of the 
different substrates and those residues involved in catalysis, 
a programme was initiated to produce site-directed and 
deletion mutants of SRSEC. Unfortunately mutation either 
did not change enzyme activity or, in most of cases, expres-
sion of mutant proteins was very poor. This phenomenon 
might be due to a translational regulation mechanism similar 
to that of the threonyl-tRNA synthetase (Moine et al., 1990). 

To overcome this problem, we constructed clones where 
the wild-type and mutant genes are expressed as fusion 
proteins with ,B-galactosidase using the pAX vector system 
(Markmeyer et al., 1990). The fusion protein in the crude 
bacterial extract or in its purified form can then be cleaved 
by factor X releasing the synthetase. This technique allows 
us to express mutant proteins efficiently, to quantify its 
expression and facilitates its purification by APTG affinity 
chromatography. The fusion protein with wild-type SRSEC 
has the same aminoacylation and pyrophosphate exchange 
activity as the native enzyme. 

Using the described expression system, we will define criti-
cal residues in the N-terminal a-helical part (putative tRNA 
binding domain and the central pocket (putative amino-acid 
activation domain) especially in the region homologous to 
the threonyl-tRNA synthetase. 

A first set of mutant proteins was expressed in this way 
and crude extracts characterized. Total loss of both the 
aminoacylation and pyrophosphate exchange activities in 
SRSEC occur for the mutations arginine-268 to histidine or 
glycine-280 to valine. These residues are both found in motif 
2 of class 2 synthetases (Eriani et al., 1990), the former 
being completely conserved and the latter conserved only 
in the seryl-, threonyl- and prolyl-tRNA synthetases. Deletion 
of residues 1-97 of SRSEC generates a fusion protein 
which has no aminoacylation but (reduced) pyrophosphate 
exchange activity. This deletion includes the helices Hi and 
H2 which interact with the C-domain of the enzyme, there-
fore another deietion mutant of residues 35-97 has been 
constructed in M 13 but not yet cloned into an expression 
vector. The construction of a more complete set of mutants, 
including internal deletions in the arm-like N-terminal do-
main, and the purification of mutant proteins is under way. 

Further site-directed M13 mutant constructs have been ob-
tained and are been studied for expression. We anticipate 
that recloning of mutant restriction fragments into the pAX 
expression system will allow us to characterize the effect of 
these amino-acid changes. 

Characterization of chromosomal 
temperature-sensitive serS mutants 
(M. Hartlein) 

An alternative approach to the study of structure-function 
relationship is the characterization of chromosomal serS 
temperature-sensitive (ts) mutants. The mutants are gener-
ated by chemical mutagenesis. A so-called thymidine-less 
death procedure is used to select for ts mutants in genes 
involved in protein biosynthesis. Out of these mutants serS 
ts mutants are obtained by screening. We are in the process 
of characterizing one of these mutants (K28), which was 
also used to clone the gene by complementation. The gene 
has been amplified by PCR and then cloned and sequenced. 
In K28 leucine-204 is changed to glutamine. This mutation 
causes a temperature-sensitivity in growth, which seems to 
be partially due to a regulatory effect (Hill & Konigsberg, 
1980). Large scale protein purification of the mutant protein 
for crystallization trials has been started. 

Neutron scattering studies (R. Leberman, 
M. Hartlein & S. Cusack in collaboration 
with G. Zaccar, ILL) 

Neutron scattering studies of seryl-tRNA synthetase from 
E.coli were continued with the measurement of the large-
angle scattering of the enzyme in H20 buffer. The results 
are consistent with the dimeric enzyme being elongated 
or flattened. The inner part of the scattering curve models 
well, for example, with a cylinder with a height of 88 A and 
a diameter of 44 A or an oblate elipsoid with semi-axes 
45 A; 45 A; 15 A. The volume calculated for these bodies 
is consistent with that expected for a protein with a specific 
volume of about 0.75 cm3/g. The scattering curve calculated 
from the crystal structure (Cusack et al., 1990) has a very 
similar shape to the measured curve although the two 
curves are not completely identical. Furthermore the value 
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of the Rg calculated from the crystal data for the protein in 
vacuo is slightly larger at 32.5 A compared to 31.2+0.9 A 
for the measured value. These differences may indicate a 
slight conformational change of the protein in the crystal 
although the systematic errors in the calculations are not 
well defined. However the similarity of the calculated and 
measured curves are confirmation that the unique structure 
of the enzyme found in the crystal exists in solution. 

Over-expression of tRNA genes 
(F. Borel, D. Madern & M. Hartlein) 

One of the major efforts in our group is the crystallization 
of the complex of SRSEC with its cognate tRNA substrate. 
Large scale purification of a specific isoacceptor from bulk 
tRNA is not straight forward and does not always give 
satisfactory results. Therefore we are developing different 
procedures for the cloning of synthetic tRNA genes for in 
vivo expression of tRNNer and tRNAasn . 

The the tRNAasn and the amber suppressor 
tRNNer genes were constructed from 6 or 7 oligonu-
cleotides containing the tRNA sequences flanked by EcoRI 
and Pstl restriction endonuclease cohesive ends at the 
immediate 5' and 3' ends of the gene respectively. Di-
rect insertion of these fragments into the expression vector 
pGFIB-1 containing a constitutive promoter and a transcrip-
tional terminator was not possible as the resulting clones 
contained no or truncated inserts. For this reason we cloned 
the genes in a first step into pUC19 (opposite to the direction 
of transcription from the lac promoter) to avoid instability due 
to gene expression. DNA sequencing showed us that the 
inserts had the correct sequences. The various inserts were 
then cloned into a modified expression vector( the constitu-
tive promoter was replaced by an inducible tac promoter). 
Over-expression of the constructs was tested by comparing 
the specific acceptance activity of crude extracts with an 
internal standard (valine acceptance activity). Only 3-5-fold 
over-expression but no induction effect was obtained. The 
plasmids were very unstable, less than 1 % of plasmid con-
taining cells in an over-night culture. 

To avoid these stability problems, probably due to expres-
sion from a multi-copy plasmid, we recloned the different in-
serts containing promoter, gene and terminator into pOU71 , 
a low copy number plasmid at temperatures up to 37°C. 
After a temperature shift to 42°C up to 1000 copies per 
cell can be obtained. Over-expression trials using these 
constructs are in progress. 

Seryl-tRNA synthetase from Bacillus 
stearothermophilus (E. Bates, M. HMlein 
& R. Leberman) 

Bacillus stearothermophilus is a gram-positive obligate ther-
mophile. The seryl-tRNA synthetase of this bacterium is 
being studied to determine the structural relationships with 
the enzymes from Escherichia coli and Saccharomyces 
cerevisiae and, eventually, study the mechanisms of ther-
mostability. 
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Chromosomal DNA from B. stearothermophilus has been 
isolated and digested with various restriction enzymes. 
Southern blots of the digests were probed with synthetic 
oligonucleotides derived either from conserved regions of 
the Ecoli and S.cerevisiae enzymes or from the 16 N-
terminal residues (Rainer Frank, EMBL Heidelberg) of 
the purified B.stearothermophilus enzyme. These oligonu-
cleotides were either degenerate, representing all or many 
of the possible codons, or were constructed to reflect the 
bias for G and C in the wobble position of of codons used in 
many B.stearothermophilus genes. This approach yielded 
various restriction fragments identified as containing all or 
part of the desired gene, and a 3.5 kb Hin dill fragment was 
cloned into pUC18. Preliminary sequencing of this fragment 
indicates that it contains the region of the gene correspond-
ing to the N-terminus of the protein by comparison with 
the established sequences of the Ecoli and S.cerevisiae 
enzymes. The remainder of this fragment is in the process 
of being sequenced and we are searching for a restriction 
fragment containing the entire gene. 

Seryl-tRNA synthetase from Thermus 
thermophilus (E. Bates, M.A. Tukalo, 
A.D. Yaremchuk, M.B. Garber & R. Leberman) 

Thermus thermophilus is a gram-positive extreme ther-
mophile. The seryl-tRNA synthetase of this bacterium has 
been isolated, characterized and crystallized by our col-
leagues from the USSR and preliminary x-ray data obtained 
(Garber et al., 1990). A progress report on the tertiary 
structure determination is presented elsewhere. For this de-
termination at high resolution, it is imperative that we obtain 
the primary structure of the protein and the sequencing of 
the gene is being undertaken. 

Chromosomal DNA from T.thermophilus was isolated and 
digested with various restriction enzymes. Southern blots 
of the digests were probed with synthetic oligonucleotides 
derived either from conserved regions of the Ecoli and 
S.cerevisiae enzymes but considering the high G+C content 
of T.thermophilus DNA. Polymerase chain amplification of 
a central fragment of the seryl-tRNA synthetase gene was 
performed to provide a specific probe. Using these methods 
a 1.2 kb Kpn I fragment was isolated, cloned into pUC18 
and mapped with restriction enzymes. Various sub-clones 
of this fragment have been made in M 13, and 60% of the 
insert has been sequenced. The sequence shows that the 
gene commences outside the Kpn I fragment, indicating that 
about 250 amino-acids (out of approximately 400) including 
the C-terminus are coded for by this clone. The amino-acid 
sequence shows about 30% homology to the Ecoli enzyme. 
Work is continuing to confirm the sequence and clone and 
sequence the remainder of the gene. 

The definition of the crystallization conditions for the enzyme 
has been pursued. Attempts to produce suitable crystals 
of the complex with any of its low molecular weight sub-
strates have, so far, been unsuccessful. However, con-
ditions have been found for the crystallization of the ho-
mologous complexes with 2 isoaccepting species of tRNA 
from Tthermophilus. The properties of these crystals are 
described below. 



selC and selB gene products (S. Price 
& R. Leberman in collaboration with 
K. Forchhammer & A. Bock, Munich) 

For the incorporation of selenocysteine in formate dehyroge-
nase of E.caN four different genes have now been identified 
whose products have specific functions in this process. 
These genes have been designated sel A,B,C and D. 

SelC has been shown to code for a novel tRNA, tRNAselcys, 
which is initially aminoacylated with serine by seryl-tRNA 
sythetase, which co-translationally inserts selenocysteine at 
UGA; usually a termination codon. Conversion of the serine 
residue to selenocysteine is dependent upon the selA and 
selD gene products. 

The selB gene product, a protein of M r 68000, is required 
for translation of the SeCys-specific UGA codon in the fdhF 
mRNA. It has been shown to bind guanine nucleotides 
and to interact specifically with SelCys-tRNNelcys but not 
with Seryl-tRNAselcys. The selB product is thus a novel 
translation factor and exhibits extensive homology with the 
translation factors EF-Tu and IF2. 

We have purified both the selB and selC products and these 
are undergoing crystallization trials. We are also attempting 
to crystallize the tRNASelcys:seryl-tRNA synthetase complex. 

Initially, there were some problems with purification of 
the selB product due to its insolubility in the bacterial 
lysate. However, through a series of low salt washes fol-
lowed by solubilisation in 1 M ammonium chloride, we 
were able to concentrate the protein to a point where 
only a single hydroxyapatite chromatography step was re-
quired to obtain pure protein. For tRNNelcys purification, 
a crude ribonucleic acid extraction was first performed 
on the lysate using ultracentrifugation and phenol extrac-
tion followed by two isopropanol precipitations. The final 
precipitate, containing mainly tRNA, was then fractionated 
on BAPPS (N,N'-bis(3'-aminopropyl)-piperazine substituted 
Sepharose), Sepharose 4B, DEAE-Sepharose, and finally 
on an affinity column consisting of seryl-tRNA synthetase 
ligated to Sepharose 4B. Due to the larger than average size 
of the tRNNelcys species (95 bases), purity was easily as-
sessed using urea/polyacrylamide gel electrophoresis. The 
yield of pure tRNNelcys currently obtained is approximately 
10 mg from 80 g bacteria with an amino-acid acceptance 
activity of 1100 pmols serine per A260 unit. 

Structure-function relationship in the E.coli 
asparaginyl-tRNA synthetase studied by 
site-directed mutagenesis 
(J. Anselme & M. Hartlein) 

Primary structure sequence comparisons between the E.cali 
asparaginyl-tRNA synthetase and other aminoacyl-tRNA 
synthetases have shown certain homologies (Ansel me & 
Hartlein, 1989). To check whether these homologous re-
gions have a functional importance, site-directed exper-
iments were performed on one of them, located in the 
C-terminal part of the asparaginyl-tRNA synthetase. Two 

mutants, Y426F and Y426S, have been obtained, with re-
placements of the tyrosine 426 by a phenylalanine or a 
serine, respectively. Kinetic parameters of purified mutated 
enzymes were determined in activation and charging reac-
tions and compared to those of the wild-type enzyme (tables 
9 and 10). The level of over-expression of the mutated 
enzymes is such that the contamination by the chromosome 
encoded asparaginyl-tRNA synthetase is insignificant. 

The Km value for asparagine was not greatly modified when 
the Tyr-426 was changed, either to phenylalanine or to 
serine. In contrast, when the Tyr-426 is replaced by serine, 
the Km value for ATP was increased by a factor fifteen for 
the activation reaction, and by a factor three in the overall 
charging reaction. The replacement of the same amino-acid 
by phenylalanine has little effect. Changes in kcat value for 
either of the mutants is not significant. These data indicate 
that Tyr-426 is of functional importance in the binding of 
ATP. 

Table 9 

Kinetics parameters in the ATP-PPi exchange 

Enzyme Substrate Km kcat 
studied (sec-1 

WT asparagine 15.3 f.lM 2.8 

Y426F asparagine 22.5 f.lM 2.7 

Y426S asparagine 38.3 f.lM 1.3 

WT ATP 0.5 mM 2.2 

Y426F ATP 0.5 mM 2.3 

Y426S ATP 7 mM 2.1 

Table 10 

Kinetics parameters in the overall reaction 
determined by aminoacylation assays 

Enzyme Substrate Km kcat 
studied (sec-1 

WT asparagine 32.3 f.lM 1.6 

Y426F asparagine 32.6 f.lM 2.8 

Y426S asparagine 33.6 f.lM 0.7 

WT ATP 76 f.lM 1.3 

Y426F ATP 30.6 f.lM 1.0 

Y426S ATP 245 f.lM 0.3 

Deuteration laboratory 
(M.-Th. Dauvergne & R. Leberman) 

The interest in the production of de ute rated gene prod-
ucts for NMR and neutron scattering continues. Although 
deuterated bacteria harbouring a plasmid bearing the gene 
for the Arc protein could be grown, yields of deuterated 
protein were disappointing. On the other hand production 
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of deuterated bacterial DNA was successful and de ute rated 
bacterial protein recovered as a by-product from the phe-
nol extractions was supplied to the laboratory of Prof. G. 
Roberts (University of Leicester, Biological NMR Centre) to 
be hydrolysed and used as a feed stock to produce deuter-
ated analogues of tryptophan receptor for NMR studies. 

Deuterated bacterial DNA (V.T. Forsyth, 
M.-Th. Dauvergne & R. Leberman in 
collaboration with U. Giessen, ILL) 

This project was to isolate de ute rated DNA from Ecoli (MRE 
600) in quantities sufficiently large for the construction of 
neutron fibre diffraction samples in the A conformation with 
the eventual aim of studying the distribution of ordered water 
around the double helix. 

The bacteria had been grown at 98% D20 in a defined 
minimal medium using deuterated succinate as a carbon 
source. DNA extractions were carried out on 50 g batches 
of cell paste; this consisted of cell lysis, proteinase K treat-
ment and several cycles of phenol extraction (all deuter-
ated protein by-products, including those extracted by the 
phenol, were recovered). The DNA was further purified by 
RNase and S1 nuclease treatments, additional phenol and 
chloroform treatments to remove these enzymes, followed 
by dialysis and finally Iyophilisation. Ultra-violet absorption 
measurements and analysis by agarose gel electrophoresis 
indicated that the material was of a quality suitable for fibre 
diffraction studies. The level of deuteration of the material 
has to be established and fibres prepared. 

Deuterated myoglobin (M.-Th. Dauvergne 
& S. Cusack in collaboration with M. Settles 
& W. Doster (Munich)) 

To perform certain inelastic neutron scattering experiments 
to study protein dynamics (e.g. spin echo measurements 
in the nanosecond time domain), it is essential to use a 
purely coherent scatterer which for proteins means that all 
hydrogen atoms need to be exchanged by deuterium. We 
are thus trying to perdeuterate sperm-whale myoglobin so 
that studies on the dynamics of this protein can be continued 
down to a lower frequency range. 

Sperm-whale myoglobin has been expressed in E coli 
strain TB-1 by Springer & Sligar (1987), who kindly supplied 
us with the plasmid pMb413 carrying the synthetic gene. 
To obtain deuterated' myoglobin, it was necessary to trans-
fer the plasmid to another host strain, JM1 01, capable of 
growing in D20. After transformation of JM1 01 with pMb413, 
bacteria were grown first in LB Amp25 (tryptone 10 g/I, yeast 
5 g/I, NaCI 10 g/I), next in a protonated defined medium and 
finally under highly deuterated conditions (90% D20, deuter-
ated succinate carbon source). Purification was performed 
as described by Springer & Sligar and tests on protonated 
bacteria gave a yield of about 10 mg myoglobin from about 
35 g bacteria. The yield of deuterated protein was however 
very poor (less than 1 mg from about 20 g bacteria) and 
there are indications from the absorption spectrum that the 
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haeme group is not correctly incorporated throughout the 
protein. Clearly more work, both in increasing the level of 
over-expression and in the purification, is required before 
large amounts of deuterated myoglobin can be obtained. 

Electron microscopy 

The activation of RecA protein from E. coli 
(E. DiCapua, M. Cuillel & RW.H. Ruigrok) 

Work on the structure-function relationships in RecA protein 
has been taken up as a full project after two years of loose 
collaboration while E. DiCapua was at the ILL (Grenoble) 
and at the Univ. of Edinburgh. 

RecA protein of Ecoli is responsible in vivo for homologous 
recombination and for the control of the SOS system of DNA 
repair. In vitro, the purified protein (Mr 38,000) performs 
the strand exchange reaction and LexA repressor cleavage; 
both reactions are DNA- and ATP-dependent. The active 
species, therefore, is the complex with DNA and ATP, which 
has been shown by electron microscopy (EM) to be a helical 
filament of 6 RecA per turn of 95 A pitch covering 18-36 nt 
of ssDNA or 18 bp of dsDNA. Using small-angle neutron 
scattering (SANS) and EM we are studying the structure of 
RecA when its enzymatic activity is induced by other factors 
than DNA, e.g. RNA, high salt concentrations (0.5-1.5 M), 
and heparin. We find in all cases that the protein polymer 
(which in the inactive state has 5.5 RecA per turn of 75 A 
pitch - the "compact" structure) undergoes a transition to 
the "open" filament of 6 RecA per 95 A pitch (Plate 81). 

COMPACT 
5.5 RecA per turn 

75A pitch 

PLATE 81 

OPEN 
6 RecA per turn 
.95 A pitch 

Schematic drawing of the inactive "compact" and active "open" 
RecA filaments. 



PLATE 82 

LexA cleavage rate as a function of inducer concentration for 4 
different inducers: ssDNA, heparin, tRNA and salt. 
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Enzymatic activity 

Starting from the published observation (Pugh & Cox, 1988) 
that high salt concentrations can replace DNA to induce 
the ATP hydrolysis activity of recA, and from our obser-
vation that high salt induces the same structural transition 
(judged from SANS) as the binding of DNA (DiCapua et 
al., 1991), we tested whether salt-activated RecA can also 
cleave the LexA repressor in the absence of DNA. Indeed, 
purified LexA protein (a kind gift from Manfred Schnarr, 
Strasbourg) is cleaved by RecA in salt solutions of 500 
mM and above, at a rate comparable (50%) to that of the 
ssDNA induced reaction (Plate 82). However, we observed 
that the reaction is dependent on: (1) Temperature; at salt 
concentrations of 600 mM (around the transition point for the 
structural change from inactive (compact) to active (open)) 
the reaction is very efficient at temperatures between 15°C 
and 25°C but fully inhibited at 30°C and higher. The ss-
DNA induced reaction increases steadily with temperature. 
The temperature-dependent behaviour of salt-activation is 
reflected in a temperature dependence of the structural 
transition (by SANS) and can be overcome by adding more 
salt (> 1.5 M). (2) pH; we achieved the best LexA cleavage 
rates with NaOAc in 100 mM potassium phosphate buffer pH 
6.8-7.0; the same salt at higher or lower pH, or KCI, LiCI, 
potassium glutamate at the same pH, work 3-10 times less 
efficiently. (3) The presence of D20 instead of H20 lowers 
the salt concentration necessary for enzymatic activation by 
200 mM. 

We then tested other polyanions. Heparin was found to 
induce Lex A cleavage very efficiently at input ratios of 12 
sugar-residues per recA (while excess heparin inhibited 
again, Plate 82). tRNA and RNA oligonucleotides (a collab-
oration with A. Bhattacharyyan, Dundee) also induced LexA 
cleavage; here the cleavage rate increases with higher tRNA 
input ratios up to about 40 nt per RecA (Plate 82). 

Interestingly, the detailed analysis of RecA activation re-
vealed that the ATPase activity does not follow the same 
pattern as the LexA cleavage activity (compare Plates 82 

PLATE 83 

ATP hydrolysis rate as a function of inducer concentration. 

30 

o 

.j.J; 
"'{: 

1rJ! 
0/ 

,: .. ,. 
heparin .-':_._. tRNA __ ._._ .• ............... ------------------ ---. 

2 4 6 8 10residues per recA 
, i i 
salt .4 

ii, i , 
.8 102M concentration 

and 83). Heparin and tRNA induce only very low levels 
of ATPase activity (Plate 83, less than 5% of the ssDNA 
induced activity); salt induces levels as high as ssDNA, but 
the ATPase activity is neither strongly pH or salt species 
(Pugh and Cox, 1988) dependent, nor does it require low 
temperatures. 

Structural transition 

By SANS (in collaboration with Peter Timmins, ILL, Greno-
ble), we found that all the agents that activate the Lex A 
cleavage activity induce the structural transition (DiCapua et 
al., 1990) characterized by a change in Rc (cross-sectional 
radius of gyration) from 40 A to 33 A and a change in helical 
pitch from 75 A to 95 A. The same samples were observed 
by EM in vitreous ice (in collaboration with Elizabeth Hewat, 
CENG, Grenoble). All the active forms appeared as helical 
structures with 95-105 A pitch. The pitch varied slightly 
between the various cofactors, which may be a way of 
modulating the activity of an induced RecA filament. Also, 
the length of the polymers varied considerably. 

Length of the RecA filaments 

Is the activation simply due to induced polymerization? 
SANS suggested that this is not the case since even the 
protein stock solution without cofactors is amenable to the 
analysis as rods. However, we wanted to visualize this by 
EM after glutaraldehyde fixation. We confirmed the litera-
ture in observing that polymer length depends on RecA 
concentration: monomeric RecA is found at a concentration 
of 1 /LM (40 /Lg/ml) and rods at concentrations of 10 /LM 
and higher (Ruigrok & DiCapua, 1991). This dependence 
of polymerization on concentration is strongly influenced by 
the cofactors: obviously, DNA induces filamentous polymer-
ization onto the DNA even at very low RecA concentrations, 
but also 1 M NaOAc induces 1 /LM RecA to polymerize into 
rods of considerable length. At 100 /LM RecA concentrations 
in vitreous ice, the samples in salt showed extremely long 
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filaments (as long as complexes with DNA). Interestingly, we 
did not observe filaments at 1 fLM RecA concentration with 
tRNA or heparin. At 100 fLM RecA, tRNA and heparin even 
induced a slight depolymerization of filaments, producing 
only very short polymers of the order of 3-10 helical turns 
- reflecting perhaps why the ATPase is not activated there. 

Conclusion 

The fundamental transition of the RecA polymer (from 75 A 
to 95 A pitch) is a necessary condition for enzymatic ac-
tivation. Several corollary observations suggest that this 
transition is not sufficient to induce both ATPase and LexA 
cleavage activities, and smaller changes in electric charge, 
occupancy of pockets or fine variation of pitch, will modulate 
the enzymatic activity "biochemically". 

Influenza virus proteins (A. Barge, 
W.-P. Burmeister, S. Dayan & R.w.H. Ruigrok) 

Influenza is a major disease that does not just cause high 
morbidity and mortality but also significant economic dam-
age. The recurrent epidemics are caused by virus strains 
that have undergone antigenic changes in the two exter-
nal proteins, haemagglutinin (HA) and neuraminidase (NA). 
The soluble forms of both these proteins from influenza A 
virus strains have been crystallized and the structures are 
known to about 3 A resolution. We are now trying to solve 
the structures of the influenza B virus HA and NA, that 
differ about 70% in amino-acid sequence from their A virus 
counter-parts, to determine the common features of active 
and antigenic sites. 

Although a lot is known about influenza virus, which is one of 
the best studied viruses (perhaps beaten now only by HIV), 
we still do not know enough to stop or cure the disease. In 
fact, we still do not even know the actual structure of the 
virion and studies towards the morphogenesis (which could 
lead to the developement of new drugs) are hampered by 
this lack of knowledge. A shell model of the virus exists 
(Cusack et al., 1985) but the exact stoichiometries of the 
structural proteins are not known; the packing symmetries 
of either HA and NA on the viral surface or of the M-
protein just underneath the membrane are not known, nor 
the fact whether HA and NA are interacting with the M-
protein; structural interactions between M-protein and the 
viral ribonucleoprotein have not been studied yet nor the 
mechanism by which the eight separately packaged RNA 
genome segments end up in the mature virion. We want to 
isolate and purify the viral structural proteins and study their 
structures and interactions. 

Haemagglutinin 

We have isolated and purified BHA (the Bromelain-released 
soluble ectodomain of HA) of influenza virus B/Beijing/1/87. 
Crystallization trials are in progress but have so far been 
unsuccessful. We will now try to crystallize BHA of other B 
virus strains as well. 
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Neuraminidase 

The nucleotide sequence of B/Beijing/1/87 NA gene was 
determined in collaboration with Rod Daniels (NIMR, Mill 
Hill, London). Compared to NA from B/Lee/40, 93% of the 
amino-acid sequence was conserved but the conservation 
of the NB protein, encoded by the second open reading 
frame of the NA-gene, was only 80% (Burmeister et al., 
1991). For both proteins, however, basic features like puta-
tive disulphide bridges, hydrophobic stretches and potential 
glycosylation sites were conserved. 

Much of our biochemical work was concentrated on the 
observation that the isolated NA heads appear as two bands 
on non-reducing gels, of 43 and 48 kDa, and only as one 
48 kDa band on a reducing gel. Biochemical and protein 
sequencing data showed that there were no contaminating 
proteins and that the amino-terminus, generated by the 
protease digestion to produce the heads, was unique. The 
remaining explanation for the two bands is a heterogeneity 
in the disulphide bonding pattern. We observed this be-
haviour with NA from all B virus strains studied but not with 
NA from A strains. We are currently trying to find out if this 
phenomenon is real or an artefact produced during isolation 
or preparation for gel electrophoresis caused by the single 
free cysteine in the B virus NA. 

Crystallographic work on the NA from B/Beijing is described 
elsewhere. 

M-protein 

We have isolated M-protein (27 kDa) from influenza AlX-
31 and B/Beijing/1/87 by detergent (Lubrol) extraction of 
spikeless virus. The protein from the A virus is stable in 
detergent solutions (either the original lubrol extract or after 
exchanging lubrol to octyl-glucoside) but the B virus protein 
is rapidly cleaved by a contaminating protease. Tests with 
various protease inhibitors showed it to be most likely a 
serine protease (not trypsin) and the M-protein can now be 
kept stably in solution using leupeptin. The cleavage product 
(17 kDa) seems to be stable and we want to determine the 
cleavage site and the biochemical and biophysical prop-
erties of this product. Interestingly, cleavage seems to be 
inhibited by detergent concentrations 5 times higher than 
necessary for extraction. We are presently scaling-up the 
isolation procedure of intact M-protein to start crystallization 
trials and to make two-dimensional arrays of M-protein in 
lipid suitable for EM. 

Solution structure and dynamics of DNA 

Curves in superhe/ices (W. Kremer & J. Langowski 
in collaboration with S. Diekmann (Gi:ittingen) 
and J. Dubochet & M. Adrian (Lausanne)) 

Further investigations of the influence of curved DNA se-
quences on superhelical DNA structure were performed 
by cryo-electron microscopy and dynamic light scattering 



(OLS). Six plasmid ONAs of a total length of 2317-2327 bp 
were studied, which carried insertions of increasing curva-
ture. 

OLS was used to measure the translational and rotational 
diffusion coefficients. With increasing curvature, the diffusion 
coefficient increases from 0=4.5.10-12 (m2s-1 ) for pK1 A 1 OS, 
0=4.7.10-12 (m2s-1) for pK3A10S to 0=4.9.10-12 (m2s-1) 
for pK4A 1 OS. Thus, sequences which do not show a gel 
migration anomaly (pK3A 1 OS) already change the super-
helix structure in solution. The internal motions of all six 
plasm ids can be described by the same segmental diffusion 
coefficient, Oi=2-3.1 0-11 (m2s-1). This value is slightly higher 

PLATE 84 

Branched and linear interwound superhelices of pK4A 108 plasmid 
in 10 mM Tris-HCI pH 7.5, as seen by electron microscopy in 
vitreous ice. The bar equals 100 nm. 

than the one found for larger plasmids, Oi=1.5-2.10-11 

(m2s-1). The rotational diffusion coefficients of the plasmids 
have a value of 6 0=9000±2000 (m2s-1), which is the 
one expected for superhelical ONAs of this size. Since the 
error in 0 is significantly higher than the one in Ot, no 
difference could be found to depend on the curvature of 
the insert. 

In collaboration with the group of J. Oubochet (Lausanne), 
pK1A10S (no curvature) and pK4A10S (curved insert) were 
also studied by cryo-electron microscopy (Plate S4). In-
terwound structures were found for both plasmids, with a 
helix radius of 5-6 nm, in agreement with our hydrody-
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namic calculations. For both plasmids linear and branched 
superhelices are observed; however, pK1 A 108 contains 
6% branched molecules, and pK4A 108 29%. The average 
two-dimensional extension of pK1 A 108 is 115 nm, while 
that of pK4A 108 is only 106 nm. This difference is in 
agreement with the difference in diffusion coefficients of 
9%. 

We can conclude that the presence of a curved insert in 
the plasm ids studied causes a compaction of the superhelix 
structure by an increase in the percentage of branched 
forms. This compaction is probably due to an interaction of 
the inserted curve with a naturally occurring curved structure 
in the same plasmid. 

Holliday junction (W. Kremer & J. Langowski 
in collaboration with D. Lilley (Dundee)) 

The four-way DNA junction is important in cruciform for-
mation and as an intermediate in recombination. In the 
laboratory of D. Lilley several model compounds were 
constructed for investigating the structure of the Holliday 
junction. The model DNAs are formed by associating four 
oligonucleotides, yielding four-armed structures. Each arm 
carries a unique restriction site (Bam HI, Xba I, Eco RI, Hind 
III) close to the junction. Cutting the DNAs with pairs of the 
four restriction enzymes creates products with two long and 
two short arms. The hydrodynamic properties of these DNAs 
depend on the angle that the two long arms form with each 
other. 

The diffusion coefficients of the cleaved junctions, as mea-
sured by dynamic light scattering, are in quantitative agree-
ment with a model proposed by D. Lilley from gel migration 
experiments. In the absence of Mg2+, the junction has a 
planar rectangular cross-shaped structure; in the presence 
of Mg2+, a planar X-shaped structure is formed where the 
two pairs of helices are at an acute angle. According to our 
measurements, the angle between the two pairs of helices 
is 60°. 

Topoisomer distributions 
(U. Kapp & J. Langowski) 

For studies of the structural properties of superhelical DNA, 
samples of defined superhelical density are needed. Topoi-
somer distributions of different mean superhelical density 
can be obtained through incubation with topoisomerase I in 
the presence of intercalators. The only way to get samples 
whose superhelical density is defined more precisely -
ideally, single topoisomers - was up to now to separate the 
distribution on an agarose gel and prepare the DNA from 
a single band. This technique is limited to p,g amounts. To 
obtain quantities of 10-100 mg of single topoisomers or of 
very narrow topoisomer distributions, other methods have to 
be used. We are developing a HPLC technique to separate 
topoisomers on reversed-phase columns, which are known 
to separate superhelical from open-circular or linear DNA. 
First results (Plate 85) show separation of native superhelix 
distributions into fractions of 1-3 topoisomers each. 
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PLATE 85 

Separation of pUC18 topoisomers on RP-18 HPLC. Fractions were 
taken from a 10% DMSO/10-20% methanol gradient, 0.1 M am-
monium acetate, pH 7.0. The rightmost lane contains the native 
plasmid control. 

Crystallogenesis (F. Thibault, J. Langowski 
& R. Leberman) 

The DLS studies on aminoacyl-tRNA synthetases available 
in the laboratory were continued with studies of valyl-tRNA 
synthetase from E.coli (Plate 86). The protein was isolated 
from an over-expression system made available by the 
laboratory of S. Blanquet (Ecole Poly technique, Palaiseau). 
The enzyme was titrated with both ammonium sulphate 
and sodium citrate solutions; from DLS measurements with 
subsequent maximum entropy analysis particle size distri-
butions were determined which showed two major peaks in 
most cases. For both peaks, relative areas and mean diffu-
sion coefficients were determined. The diffusion constants 
were corrected for the viscosity of the solutions. 

Both ammonium sulphate and sodium citrate showed a low 
percentage of large aggregates and a constant diffusion 
coefficient of the main (protein monomer) peak below the 
precipitation point. According to our previous work (see An-
nual Report 1989) this indicates that both would be possible 
precipitants for the crystallization of this enzyme. Crystal-
lization trials using both these salts were carried out, and 
although no condition could as yet be found for obtaining 
crystals with ammonium sulphate solutions, crystals of the 
enzyme have been obtained with sodium citrate. These 
grow as multicrystals of fine needles; studies are underway 
to obtain crystals more suitable for diffraction analysis. 

Monte-Carlo simulations of superhelix structure 
(K. Klenin & J. Langowski, in collaboration with 
A. Vologodskii & M. Frank-Kamenetskii (Moscow)) 

The spatial shape of superhelical DNA is not well under-
stood; in many investigations, simple models such as linear 
rodlike ("interwound") or torus-shaped ("toroidal") structures 
have been employed. These models are insufficient to 



explain shape changes in superhelical DNA caused by local 
structural transitions, or to describe the information gained 
by methods such as small-angle scattering or DLS. The 
main deficiency of "average-static" models is that they do not 
take into account the flexibility of DNA other than for its role 
in determining one static equilibrium structure. Large DNA 
molecules in solution, however, occupy a whole population 
of conformational substates, and an adequate structural 
description must take them into account. 

A Monte-Carlo procedure for predicting properties of circular 
wormlike chains that could be applied to DNA had been 
employed in early work (Vologodskii et a/., 1979), but only 
recently these studies had been extended to include the tor-
sional strain present in superhelical DNAs. In a collaboration 
with A. Vologodskii and K. Klenin, we have extended the 
Monte-Carlo model for the computation of structural data 
such as hydrodynamic radius and small-angle scattering 
curves. 

The limiting factor for the present Monte-Carlo calculations 
is the slow sampling of the available configuration space, 
since the simulation tends to get trapped in metastable 
states. Thus, simulations tend to be long, and the avail-

PLATE 86 

Crystals of E.coli valyl-tRNA synthetase from sodium citrate solu-
tions. 

ability of the Stardent 3000 at the Outstation was es-
sential for the success of the project. Plate 87 shows 
the computed dependence of the diffusion coefficient of 
pUC8 DNA on the linking number difference. The curve 
was computed using only the known hydrodynamic di-
ameter, persistence length and torsional rigidity of DNA 
in the calculation. The agreement with measured values 
is very good. In the region of high linking number, we 
see a larger scatter in the values obtained from individual 
simulations. Looking closer at the actual DNA structures 
created in the simulation, we see that the high D values 
are always associated with branched superhelices. At high 
linking numbers, the simulation often gets trapped in a 
particular state of branching; we see changes between 
branched and unbranched configurations only for very long 
runs. 

The second modification made to the original Vologod-
skiilKlenin model was to introduce structural variations in 
parts of the DNA. First simulations have been performed 
with model chains containing one or two 90° kinks (as mod-
els for permanent bends). The results indicate a preference 
of the kinks for the end loops of the interwound structure, in 
agreement with our own experimental results (see above). 
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PLATE 87 

Diffusion coefficient of superhelical pUC 18 DNA as a function 
of linking number. Squares: theoretical points, dots: experimental 
points. The dashed line indicates the limiting value for high super-

helical density. The cluster of theoretical points above the dashed 
line at 11-14 superhelical turns consists of branched forms, which 
equilibrate only slowly with the linear interwound form. 
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Brownian dynamics of DNA 
(G. Chirico & J. Langowski) 

2 4 6 

The information on the internal dynamics of DNA gained 
from DLS cannot easily be connected to basic physical 
properties of the DNA chain. The only parameters di-
rectly accessible are the translational (Dt ) and rotational 
(8) diffusion coefficients of a semiflexible rodlike molecule, 
from DLS measurements at small scattering vectors K with 
KRg > 1, Rg being the radius of gyration of the molecule. For 
measurements at larger K no complete theory exists that 
would predict the dynamic structure factor S(K,t). Several 
approximations have been proposed, but none of these 
provides any prospect of including "real-world" parameters 
of DNA like sequence-dependent torsional and bending 
elasticity, bending anisotropy, permanent curvature, or the 
torsional constraints that determine the structure of su-
perhelical DNA. Presently, the only way to connect DLS 
measurements of DNA to fundamental physical parameters 
of the molecule is through a numerical simulation of its 
conformation and dynamics. Since the molecule is too large 
to make an atomic-scale dynamical simulation feasible, a 
"coarse-grained" model must be used, where the solvent 
is taken to be a homogeneous viscous medium, the DNA a 
chain of spherical beads connected by appropriate bending, 
stretching and torsion potentials, and all motions are over-
damped. The Langevin equations of motion of this model 
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are then solved using a Brownian dynamics (BD) algorithm. 
Some applications of BD to studies of DNA internal motions 
have already been described, notably through the work of 
Allison (Allison, 1986). Those simulations were confined to 
linear DNA chains. Inclusion of the torsional constraints 
and simulations of superhelical DNAs are possible with the 
algorithm described there, but with increasing number of 
chain subunits, computation time rises prohibitively. 

We have therefore developed a BD model based on 
a second-order algorithm previously described (Iniesta & 
Garcia de la Torre et at., 1989). This method speeds up 
the computation sufficiently that simulations on torsionally 
constrained circular DNA chains come within reach. Simu-
lations of linear DNA fragments up to 440 bp length have 
been performed using this algorithm. We find that for equal 
accuracy the CPU time is cut down by a factor of 3-6 
compared to the first-order algorithm. 

The translational and rotational diffusion coefficients com-
puted from the simulations are in very good agreement 
with those calculated from an exact theory for simple two-
and three-bead models. For longer chains, we compute the 
diffusion coefficient by three different methods and check 
for consistency. The DLS autocorrelation functions can be 
calculated from the simulated trajectories. For the 440 bp 
DNA fragment, the simulated data agrees very well with 
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experimental DLS data, using only the known persistence 
length and hydrodynamic radius of DNA as parameters 
in the simulation. The model has recently been extended 
to include the torsional constraints and to handle closed 
circular DNA; the first simulations have been conducted on 
short (400 bp) DNA rings. 

165 RNA internal motions 
(A. Timchenko, I. Serdyuk & J. Langowski) 

In this project we studied the unfolding of 16S RNA from 
E.cali ribosomes. The problem was to determine whether 
the urea-induced denaturation occurs as a two-step all-or-
none process, or whether sub-steps can be distinguished. 
DLS in the UV is a particularly useful method to study 
this problem, because the RNA is big enough for the 
hydrodynamic radius and internal motions of sub-parts of 
the molecule to be measured simultaneously. This is not 
possible using DLS with visible light, as pre-experiments in 
Timchenko's group had shown. 

The DLS measurements show the following results: Below 
the denaturation point (0-2 M urea) the RNA behaves as 
a compact particle. No internal motions can be detected, 
and the diffusion coefficient is that of a rodlike molecule 
of the size of the RNA. At 4 M urea the first structure 
changes are detected: the diffusion coefficient decreases 
slightly, corresponding to an opening of the structure, and 
internal modes of motion can be distinguished clearly. 
These modes correspond to the internal diffusion of seg-
ments of 50-100 nucleotides. When denaturation is com-
plete (6-8 M urea), the molecule behaves similarly to ran-
dom coil; the diffusion coefficient changes from 1.3 x 1 0-11 

(m2)5-1) to 6.05x10-12 (m2)51) and the amplitude of the 
internal motion is very high. Additional experiments on 
viscosity, sedimentation and UV-spectra of the 16S RNA 
are consistent with this picture of a mUlti-step denatura-
tion. 

PLATE 88 

Schematic diagram of Laue diffractometer. 
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Quasi-Laue diffractometer 
(C. Wilkinson) 
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To speed up neutron data collection in macromolecular 
structure analysis, it is desirable to use large position-
sensitive detectors and/or a wide wavelength band of radia-
tion impinging on the crystal. At present, on a conventional 
monochromatic diffractometer equipped with a gas-filled 
area detector, a typical recording time for a protein crystal 
with a volume of several cubic millimetres is about three 
weeks. 

We are developing an instrument equipped with several 
position-sensitive photomultiplier detectors and a beam ge-
ometry which allows the selection of a broad wavelength 
band (Plate 88). In this way we expect to be able to ex-
amine in the same time crystals with larger unit cells and 
smaller volumes, thereby increasing the range of accessible 
problems in protein crystallography. 

The neutrons arrive along a guide, and a wavelength band is 
chosen by the velocity selector. Scattered neutrons are de-
tected by two groups of four close-packed position-sensitive 
detectors, each with two detectors of 10 cm diameter above 
and below the horizontal plane. The detector groups can 
be moved in the horizontal direction. When placed at 10 
cm from the specimen, they subtend angles of ±50° in the 
azimuthal and 1200 in the horizontal direction. Reciprocal 
space is explored by rotating the crystal about a vertical or 
a horizontal axis. 

The success of such an instrument depends very much on 
the detectors, and those which we are currently investigating 
are position-sensitive photomultiplier tubes. Such detectors 
have been developed for neutron diffraction topography and 
have been shown to be capable of a resolution of 0.2 
mm using a ZnS-LiF scintillator. Greater efficiency, although 
slightly lower resolution, can be obtained with a Li glass 
scintillator. 
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We have carried out tests on a three inch diameter Hama-
matsu tube type number R2486, and measured an efficiency 
of 70% with a 2 mm thick Nuclear Enterprises 902 Li 
glass scintillator for a pinhole collimated neutron beam of 
a wavelength of 1.7 A. 

The photomultiplier output is in the form of voltage sig-
nals from 12 x 12 anodes. These can either be treated by 
a resistive wire circuit (hardware) to give analogue X, Y 
coordinates, or can be individually digitised by analogue 
to digital converters and subsequently analysed by com-
puter programs (software) to give the address of the neu-
tron event. Both methods are relatively slow, and limit the 
observed count rate to a few thousand per second. In 
the test, the addresses were found using software on a 
PDP11 computer. The data rate of the working instrument 
will need to be increased to be able to cope with the 
high neutron background. This can be achieved by using 
a microcomputer equipped with fast ADC cards for each 
individual detector. A prototype is presently under develop-
ment. 

The resolution of the detector has been investigated us-
ing single crystals 1 mm on edge, and it has been es-
tablished that there is very little broadening of the re-
flections due to the finite detector resolution. The unifor-
mity of response of the detector has been measured by 
displacing the tube relative to the Bragg reflections. A 
gradual change in sensitivity of about 20% was observed 
in moving from one side of the detector to the other. A 
similar result was obtained by flooding the detector with 
an isotropically scattered beam. Empirically measured ef-
ficiency corrections must therefore be applied to reflec-
tions recorded on different regions of the detector sur-
face. 

We plan to extend our tests in the near future to an x-ray 
image plate detector equipped with a Gd scintillating foil. 
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Programs have been written to locate, display and in-
dex the Bragg reflections in the data array measured 
by the Anger camera position-sensitive detector. It is 
now practical to run the search program interactively, 
as it is much faster than that previously available. Con-
toured three-dimensional plots of the intensity distribu-
tion associated with individual reflections which are use-
ful during the performance of an experiment are also 
now available. In order that these programs can be run 
and the results displayed on the instrument computer, 
this is being upgraded from a PDP11 to a Microvax 
II. 

Tests on measuring single crystals of proteins with compar-
atively small (",,60 A) unit cell edges have been made, and 
have shown that it should be practical to extend the range of 
instrument to examine structures at a resolution of less than 
10 A, provided that an incident beam monochrometer which 
delivers neutrons of 4 A wavelength can be successfully 
installed. 
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Detectors (A. Gabriel & F. Dauvergne) 

Some comments on the future of multi-wire 
proportional chambers (MWPC) for x-ray detection 

There is no universal detector combining optimal efficiency, 
spatial resolution, speed of read-out and framing speed. To 
cover the whole spectrum of experiments, the development 
of several types of detectors is necessary. 

MWPCs offer a great flexibility of design where a trade-off 
between the various factors to be optimized for a given 
category of experiments - detector geometry, mode and 
speed of read-out, efficiency and spatial resolution - can 
easily be achieved. 

In particular, being photon counting devices that allow very 
accurate, noise-free measurements and rapid time framing, 
they are ideal tools for multi-wavelength anomalous tech-
niques (MAD) and time-resolved measurements. Indeed up 
until now anomalous diffraction methods in protein crystal-
lography using synchrotron radiation have relied on the use 
of MWPCs (Khan et al., 1985; Guss et al., 1989). The data 
for many accurate structures measured in the USA have 
been obtained with Xuongs MWPCs which are based on the 
same principle as ours. Thanks to the excellent detective 
quantum efficiency of the MWPCs, this is particularly true 
when the MAD method which requires a high quality of 
the measurements is used. Similarly, all fast time-resolved 
measurements on non-crystalline systems have been made 
with MWPCs. Giving up or delaying the development of 
MWPCs would therefore be a setback for the two areas 
of structural research with synchrotron radiation which are 
perhaps the most promising. 

Fast counting rate and free parallax with 
microstructure detectors 

The proportional counter behaviour and its associated elec-
tronics used at EMBL and elsewhere are discussed in detail 
in standard texts and review articles (Gabriel, 1977). 

The detector (Plate 89) 

The most fundamental element defining the quality of MW-
PCs is the diameter of the wires used. A computer-controlled 
machine designed and built by our group allows the accurate 
positioning of 6 11m wires with a pitch of 0.5 mm. The 
detectors can be improved further by operating at high gas 
pressure; this requires the use of carbon fibre windows, 
whose application to multi wire gas chambers we have 
initiated. 

In proportional detectors the influence of space charges 
and avalanche development provide a shielding effect which 
drastically limits the counting rate (Groh et al., 1990). To 
overcome this problem the design of the present detector 
will have to be replaced by a more efficient one, capable of 
coping with the very high brightness of modern synchrotron 
radiation sources. In our new design the anode-cathode 
spacing is reduced from several mm to 1 mm or less. 
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Comparison between old and new detector structure. The 
electrode spacing is considerably reduced in the new struc-
ture. 
Schematic view of complete two-dimensional detector with 
read-out delay-line system. 
Multiplane detector: obtained by stacking the planes in order 
to correct counting rate inefficiency and obtain minor parallax 
error. 
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PLATE 90 

A multiple T.O.C. system enabling fast data acquisition for the 
detector. 

A linear detector has now been built using this principle, and 
its performance regarding the counting rate (and the parallax 
error) is considerably increased. For testing, a very thin pin 
hole of 100 ILm is used which restricts the incident photons 
to a very small volume of gas. It is interesting to point out that 
in all detectors the shielding effect involves all the anode-
cathode spacing and renders blind this volume of gas. With 
a smaller anode-cathode spacing this volume is limited and 
thus permits an increase in the counting rate, in particular 
for the two-dimensional detectors, where a counting rate of 
several MHz can be expected. Plate 89a shows the old and 
new geometry of the detector: the detecting volume of gas 
is reduced by a ratio of 10 and a rotation of 900 is applied . 
Plate 89b shows the top view of a two-dimensional detector; 
it can be considered as a multi-linear detector, presenting a 
high level of electric signal. 

The electronic read-out system (Plate 90) 

It is well known that our system is based on a fast time 
digitiser converter (TDC). Built 10 years ago by Lecroy, 
the characteristics of this TDC must now be upgraded. 
Moreover, thanks to the transparency of the basic frame, 
several frames can be stacked to increase the efficiency 
without increasing the parallax (Plate 89c) and the counting 
rate by the fragmentation of the electronic read-out (Plate 
90). 

Collaboration with the European Synchrotron 
Radiation Facility (ESRF) 

A two-dimensional detector has been built for the SAXS 
camera at ESRF in NIM and CAMAC Standard for data 
acquisition (see Research Report, 1989). More recently, 
a histogramming memory based on VME standard has 
been built by Christian Boulin and a CAMACNME system 
software has been written in C-Ianguage by Laudo Barbosa 
(Barbose et al., 1990). However, work on this project has 
been only partially realized. The time digitiser (TDC) con-
verter is still in CAMAC and a particular effort should be 
made to upgrade the TDC, which is the major component 
of the system. The development of this module must be 
carried out in NIM or VME standard. 
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PLATE 91 

A realistic alternative for small size gas detectors. 

w 

0.. 
W 
() « u.. 

w 
0 
0 
I 
I-« 
() 

I 

0 • Xu I-
0 • Xa I 
0.. 

1 ELECTRONIC ARRANGEMENT 
2 DELAY 

.. -

.. Ya -
.. -

I .. 
1-

.. ..... I .. .. .. - .. 
-1 2 2 "3 3 

, r I 

3 TIME TO PULSE HEIGHT CONVERTER D 4 MICROCOMPUTER AND MASS STORAGE 

Future projects 

The limitations of x-ray detectors using image intensifiers 
are well known: distortion, noise, small area, read-out rate 
limited by that of the TV scan, and high cost. Recent de-
velopments in position-sensitive photo-multiplier tubes have 
allowed us to develop, in collaboration with Michel Koch, a 
prototype of a new two-dimensional position-sensitive detec-
tor (Plate 91). This system can, in principle, advantageously 
replace image intensifier detectors. The face plate of the 
prototype is the scintillator which can be either a phosphor or 
a gas scintillator. The scintillator converts the incident x-rays 
into visible photons and the photocathode (just behind the 
scintillator) converts these photons into electrons that are 
multiplied in the tube. Two electric signals are collected from 
the photomultiplier and define an XV address. These signals 
are recorded with a PC. The detector was tested with a fine 
x-ray beam. The response under homogenous irradiation is 
satisfactory. The spatial resolution could still be improved by 
using an optic fibre faceplate. The advantage of this type of 
detector is that it can be adapted to use a large spectrum 
of wavelengths or different particules (e.g. x-ray, neutrons, 
visible light) only by replacing the scintillator. 

Macintosh-based data acquisition system 

With the Grenoble-based enterprise X-REM and financial 
support of the Alliance Universitaire de Grenoble, the x-
ray detectors have been linked to the Macintosh personal 
computer. The data acquisition is realized directly on a Macll 
XX. The data can either be tranferred via an ETHERNET 
link or processed with the help of Macintosh software which 
guarantees formatting compatibility. 
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Conclusion 

We believe that in the future MWPCs will be used more 
rather than less, and will continue to provide the basis of de-
tector systems for experiments requiring accurate measure-
ments and fast time-framing. This conclusion is based on the 
fact that all alternative detector systems being considered 
are based on techniques which have existed for more than 
a decade and have known limitations. Position-sensitive 
photomultipliers should enable us to overcome the counting 
rate limitation due to the shielding effect in the gas, and thus 
provide a realistic alternative. 
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