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Front Cover: Detection of RNA in a mammalian spliceosome
The cover shows a dark field electron micrograph, taken in the
scanning transmission electron microscope (STEM) of a putative
mammalian spliceosome binding to an intron-containing mRNA
precursor. The 3' terminus of the pre-mRNA is labelled with a 20 nM

gold/streptavidin particle which is bound in a tripartite complex
formed between the streptavidin gold and a biotinylated 2'OMe
RNA oligonucleotide. Further details are to be found in the reports of
Lamond (Gene Expression Programme), Jones (Biophysicallnstrumentation Programme) and Sproat (Biochemical Instrumentation
Programme).
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Cell Biology Programme

Introduction

The future development of cell biology is intimately tied
to the understanding of cell structure and organization.
Most of the difficulties, hampering progress today, stem
from our failure to take a wide enough view. This is the
challenge the Cell Biology Programme is trying to respond
to. In eukaryotic cells cellular organization is generated
and maintained by a complex interplay between the cellular
machinery responsible for distributing proteins and lipids to
different destinations, and the cytoskeletal networks. This
interplay is regulated by cues both from outside and inside the cell during interphase and mitosis. The research
in the Programme is concentrated on three major topics:
membrane traffic, microtubules and the cell cycle. The
machinery, responsible for protein and lipid sorting during
exocytosis and endocytosis is being studied in several
groups. In particular the role of the trans-Golgi network
is attracting increasing attention. This subcompartment of
the Golgi complex sends membrane components both to
the cell surface and to the endocytic pathway. The meeting of the exocytic and the endocytic routes has important implications for many cellular processes such as antigen presentation, regulated secretion and synaptic function.

Microtubules play an important role in facilitating membrane
traffic and in the positioning of cellular organelles. Methods
are now being developed to study the function of microtubules. A dramatic reorganization of the microtubular network occurs as cells enter into mitosis. This is accompanied
by a fragmentation of compartments to prepare the cell for
division with two daughter cells. Membrane traffic is arrested
during these events in vertebrate cells. Studies of changes
in cellular dynamics during the cell cycle will provide important insights into the principles, governing cellular organization. We hope that an integrated study of vesicle trafficking
and microtubule function during interphase and mitosis will
provide the necessary broadness of scope for a better
understanding of the molecular basis of cell behaviour.
The flux of scientists through the Programme is continuing
as before. Kathryn Howell has left and two new groups
have joined the Programme. Jean Grunberg and Bernard
Hoflack are studying the endocytic pathway with emphasis
on the functions of the early endosome and the delivery of
newly synthesized lysosomal enzymes from the trans-Golgi
network. David Vaux is using anti-idiotypic antibodies and
other approaches to study the budding of enveloped viruses
from the plasma membrane.
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The generation and maintenance of surface polarity in epithelial cells

Group leader: K. Simons
Fellows: R. Bacallao, M. Bennett, M. Bomsel, A. Brandli, I. de Curtis, C. Dotti*, K. Prydz, A. Wandinger-Ness
Student: B. Singer*
Visitors: S. Bonatti*, L. Jesaitis*, K. Wagner*, P. Walter*
Assistant: H. Virta

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

Biosynthetic sorting in the trans-Golgi network
Our working model for the constitutive delivery of membrane
and secretory proteins to the apical and basolateral domains
in simple epithelia (such as MOCK cells) consists of two
pathways from the trans-Golgi network (TGN) (Plate 1).
A third route for the transport of lysosomal proteins from
the TGN also exists. In this model, two of the pathways
are signal-mediated, i.e. the lysosomal and the apical. The
pathway to the basolateral side is assumed to represent the
default pathway.
6

Understanding the molecular machinery involved in sorting
and transport of plasma membrane components in MOCK
cells requires the development of a system to study the
process in vitro. We have now developed an assay in which
the exit of a marker protein from the TGN and its delivery to
the plasma membrane can be followed independently. For
this purpose, MOCK cells were infected with fowl plague
virus (FPV) and the proteolytic cleavage of haem agglutinin
(HA), an apical protein, used to monitor transport from the
TGN. In addition, the accessibility of antibodies directed
against the exoplasmic domain of HA was used to measure
plasma membrane appearance. The cleavage of FPV HA
into the disulphide-linked HA 1 and HA2 subunits is catalyzed by an enzymatic activity similar to that described for
the processing of prohormones and occurs late in transport.
It appears to be initiated either during transport vesicle
formation or during vesicle transport. The cleavage of HA in
mechanically perforated MOCK cells was used to establish
conditions for the in vitro reconstitution of transport from the
TGN. The conditions which supported HA exit from the TGN
(as measured by HA cleavage) did not support the delivery
of HA to the apical plasma membrane. Instead, the putative
transport vesicles, derived from the TGN, were released
from the perforated cells (in the absence of calcium ions)
in an ATP-stimulated fashion. Two additional markers - the
G protein of vesicular stomatitis virus, a basolateral protein, and N-6[7-nitro-2,1 ,3-benzoxadiazol-4-yl] aminocaproyl
sphingosine (C6-NBO-ceramide), a fluorescent lipid marker
whose metabolites are destined for both the apical and
basolateral domains - were used to monitor transport from
the TGN in the perforated cells. Like HA, both of these
markers were released in sealed membrane vesicles from
the perforated cells in an ATP stimulated manner. Control
experiments showed that the vesicles were not generated by
nonspecific vesiculation of the Golgi complex or the plasma
membrane. The vesicles had well-defined sedimentation
properties and the orientation expected of transport vesicles
derived from the trans-Golgi network. Electron microscopy
of the purified vesicle fractions showed uncoated vesicles
with a diameter of 80-100 nm. These vesicles contained

PLATE 1

A working hypothesis for sorting from the trans-Golgi network
(TNG) in Madin-Oarby canine kidney (MOCK) cells.

protein mixture

r---------------------,II

sorting

SIGNAL-MEDIATED
DIVERSION TO LYSOSOME

PATHWAY TO THE
BASOLA TERAL
PLASMA MEMBRANE
cell surf ace
by default

•
(is

ER

==::>

Golgi complex

(some inclusion of
apical proteins)

SIGNAL-MEDIATED DIVERSION
TO APICAL MEMBRANE
(exclusion of basolateral proteins)

two major GTP-binding proteins with molecular weights of
23,000 and 26,000.
Parallel studies in BHK-21 fibroblasts have also led to the
isolation of transport vesicles, carrying plasma membrane
glycoproteins from the TGN to the cell surface. A cellfree system was established in which vesicles, containing
the Semliki Forest virus or VSV spike glycoproteins, were
formed and released from the TGN of infected baby hamster
kidney (BHK) cells. The post-Golgi vesicles accumulated in
the assay medium and could be isolated by a combination of
density gradient centrifugation and specific immunoadsorption. These vesicles were enriched in 23 kD GTP-binding
protein. Such proteins have been postulated to mediate
vectorial transport of vesicles between consecutive compartments in the secretory pathway. Our results provide interesting possibilities to test this hypothesis, and also to compare
the apical and the basolateral transport vesicles with their
fibroblast counterpart. Our working model predicts that the
basolateral route should be the fibroblast homologue.

The endocytotlc circuits In MOCK cells
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 endosomes to the cell surface to replace the membrane lost.
One fraction is transported further along the endocytotic
pathway, terminating in the Iysosomes. Another fraction is

delivered to the TGN where the biosynthetic and endocytotic
transport pathways meet. A fourth pathway involves membrane traffic across the cell connecting the apical and basolateral membranes by transcytosis in both directions. We
are now continuing these studies to identify the intracellular
organelles involved both biochemically and morphologically
(in collaboration with Jean GrOnberg and with Robert Parton
& Gareth Griffiths).
We have shown both by confocal microscopy and by electron microscopy that the MDCK cell possesses two distinct
sets of early endosomes. They are defined as structures
which are labelled with fluid phase markers after a 5-10
min incubation at 37°C. The basolateral endosomes were
located close to the lateral and less frequently to the basal
surfaces and consisted of apparent vesicular structures,
occasionally in association with tubules. The apical early
endosomes lie directly under the apical surface and consist
of vesicularltubular structures.
After 15 min or longer late endocytic structures were labelled
all around the nucleus, regardless of whether the marker
was internalized apically or basolaterally. The labelling was
especially strong in the perinuclear region. After 30 min
of internalization and a subsequent 60 min chase, little of
both the apically and the basolaterally internalized markers was seen in the basal part of the cell, indicating that
both early and late endosomes in this region of the cell
had been depleted efficiently. Markers were still observed
more apically in the cells, where both late endosomes and
Iysosomes were found. These latter structures were charac-
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terized by their content of mannose-6-P receptors. The late
endosomes were enriched in these receptors whereas they
were missing from the Iysosomes.
Meeting of the endocytic circuit was determined by a biochemical assay. Avidin, endocytosed from the apical side,
met biotinylated horseradish peroxidase that had been taken
up from the basolateral side after 15 min of incubation
at 37°C. Morphological analysis confirmed that meeting
took place in the late perinuclear endosomes, enriched in
mannose-6-P receptors. These studies are now being continued to analyze the mechanisms by which the apical and
the basolateral endosomes are kept distinct and to delineate
and characterize the transcellular route that connects the
two cell surface domains.
We are also using a different approach to study the recycling
of proteins between the apical and the basolateral cell surface domains and the TGN. We have developed an assay
to monitor resialylation of apical surface proteins by sialyltransferase localized in the TGN. A ricin-resistant mutant of
MDCK cells (Meiss et al., 1982) was shown to be deficient in
the uptake of UDP-galactose into the Golgi apparatus, and
therefore, galactosylation of glycoproteins was drastically
impaired. Substrates for sialyltransferase can be generated
by in vitro exogalactosylation of the plasma membrane.
Subsequently, galactosylated proteins are endocytosed and
some recycle to the TGN where they are sialylated. Sialylated molecules, returning to the membrane domain, can be
detected by the sialic acid-specific NaI04/NaB[3H]4 labelling
method. Using this assay after exogalactosylation of the
apical plasma membrane we identified by two-dimensional
IEF/SDS-PAGE three apical proteins that are sialylated
within 2-4 h after exogalactosylation. Two of these proteins
are very acidic with molecular weights of 75,000 and 50,000.
A third less acidic protein also has a molecular weight of
75,000. We are currently characterizing these proteins. They
are candidates for functions in apical sorting.
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Signals and receptors for protein localization in the cell

Group leader: B. Dobberstein
Fellows: O. Bakke*, M.-T. Haeuptle, K. Lingelbach, J. Lipp, K. Romisch*
Visitor: S. Prehn*
Assistants: N. Flint, J. Webb

Secretory and membrane proteins are translocated across,
or inserted into, the membrane of the endoplasmic reticulum
(ER). This process is mediated by signal recognition particle
(SRP) and docking protein, the receptor for SRP in the
membrane of the ER. Our group is interested in (1) structural
and functional characterization of SRP; (2) identification of
the signals that determine the orientation of proteins in the
ER membrane; and (3) identification of signals involved
in the transport of proteins from the ER to other cellular
organelles.

From reconstitution and cross-linking experiments, it has
been proposed that the 9/14 kD proteins are involved in
signal sequence mediated arrest of protein elongation, the
54 kD protein in signal sequence binding and the 68/72
kD proteins in binding to docking protein in the ER membrane (reviewed by Dobberstein, 1988). In order to elucidate the molecular features of these different interactions,
we have cloned cDNAs coding for the 19 and the 54 kD
proteins.

Structural analysis of signal recognition particle

SRP19

SRP is a ribonucleoprotein (RNP) complex consisting of
six different polypeptide chains with molecular masses of
72, 68, 54, 19, 14, and 9 kD and a 7SL RNA (Plate 2). It
participates in initiating the translocation of proteins across
the ER membrane.

cDNA clones coding for the 19 kD protein of SRP (SRP
19) have been isolated from a human liver cDNA library
and characterized by sequence analysis. The SRP 19 binds
directly to the 7SL RNA and mediates the binding of a
second polypeptide, the 54 kD subunit. In vitro transcription
and translation of the human cDNA resulted in a protein
product the same size as canine SRP 19 which could be
immunoprecipitated by an antiss, um raised against canine
SRP 19. In vitro synthesized SRP 19 specifically bound to
7SL RNA (Lingelbach et al., 1988).
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cDNA clones coding for the 54 kD protein of SRP (SRP
54) have been isolated from a Madin-Darby canine kidney
(MDCK) cell cDNA library. In vitro transcription and translation of a SRP 54 cDNA resulted in a protein product of
the same size as canine SRP 54. This protein could be immunoprecipitated with an anti SRP 54 monoclonal antibody.
Sequence analysis and comparison of SRP 54 revealed
interesting homologies to two known proteins (R6misch et
al., in preparation).
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A tripartite structure of the signals
that determine protein insertion into
the ER membrane
The signal sequence in some membrane proteins mediates
membrane insertion and anchoring. These so-called signalanchor (SA) proteins span the membrane once and expose
the N-terminus either on the exoplasmic (type I) or on the
cytoplasmic (type II) side of the membrane. Using multiCSF (interleukin 3) as a model protein we investigated the
structural requirements for insertion of an SA sequence into
the ER membrane.
Multi CSF is a secretory protein with a cleavable signal
sequence that is unusually long and hydrophobic. Using
molecular cloning techniques we exchanged sequences Nor C-terminally flanking the hydrophobic core of the signal
sequence. Such modified fusion proteins still inserted into
the membrane but their signal sequence was not cleaved.
Instead, the proteins were now anchored in the membrane
by the formerly cleaved signal sequence. They exposed the
N-terminus on the exoplasmic and the C-terminus on the
cytoplasmic side of the membrane.
We conclude that hydrophilic sequences flanking the hydrophobic core of a signal sequence can determine cleavage by signal peptidase and insertion into the membrane. A
tripartite structure is proposed for signal-anchor sequences:
a hydrophobic core region that mediates targeting to, and
insertion into, the ER membrane and flanking hydrophilic
segments which determine the orientation of the protein in
the membrane (Haeuptle et aI., in press).

Posttranslational translocation of protein
segments across mammalian ER membranes
Translocation of proteins across the membrane of mammalian ER occurs efficiently only during translation. Posttranslational translocation has only been observed when
small or nascent polypeptides were used in the translocation
assay. We developed an assay which allows the posttranslational translocation of sequences N-terminally preceding
the hydrophobic core of a signal-anchor sequence (Plate
3). Translocation was found to be energy (ATP or GTP)
dependent and required protein factors distinct from SRP
and docking protein. The protein factors are currently being
further characterized.
To obtain nascent polypeptides of defined size for the
study of protein translocation, we investigated the effect on
translation of an RNA/RNA duplex. The hybrid was formed
between part of the coding region and sequences of the 3'
untranslated region of lysozyme mRNA. A cDNA was constructed which contained 2 identical sequences of 150 nucleotides, one of which was an inverted repeat of the other.
Cell-free transcription of this cDNA with T7 RNA polymerase
resulted in an mRNA with an extended RNA/RNA duplex
within the coding region. When this mRNA was translated
in a cell-free wheat germ translation system, the translation
product was found to be the size of full-length prelysozyme
and not arrested. We conclude that the extent of a sec10

ondary structure within the coding region of an mRNA does
not restrict the ability of the ribosome to translate this mRNA
efficiently. Our data are consistent with the presence of an
activity unwinding RNA/RNA duplexes, which is associated
with the translating ribosome (Lingelbach & Dobberstein,
1988).

Intracellular transport of class II
histocompatibility antigens and of
associated invariant chain
Class II histocompatibility antigens are involved in the
presentation of antigen to T helper cells. In order to be
presented, most antigens must first be processed in an
intracellular compartment. Invariant chain (Ii) is found associated with class II antigens intracellularly and has recently been shown to be essential for antigen processing
(N. Koch, personal communication). In collaboration with
Gareth Griffiths (EMBL) and N. Koch (DKFZ, Heidelberg)
we are investigating the intracellular transport pathways
of class II antigens and Ii chain. We found that Ii chain
and some of the class II antigens colocalize in endosomallprelysosomal compartments. Currently we are determining the signal that directs Ii chain to these compartments
and the role of Ii chain in antigen processing (Bakke &
Lipp).

A

cycloheximide
RM
ATP,GTP
proteins

PLATE 3

Publications during the year
Dobberstein, B. (1988). Components involved in protein
translocation across the membrane of the endoplasmic
reticulum. NATO ASI Series, Membrane Biogenesis, H16,
323-335
Lingelbach, K. & Dobberstein, B. (1988). An extended
RNAIRNA duplex structure within the coding region of
mRNA does not block translational elongation. Nucl. Acids
Res., 16, 3405-3414
Lingelbach, K., Zwieb, C., Webb, J., Hoben, P.J., Walter, P.
& Dobberstein, B. (1988). Isolation and characterization of a
cDNA clone encoding the 19 kD protein of signal recognition
particle (SRP): expression and binding to 7SL RNA. Nucl.
Acids Res., 16, 9431-9442
Lipp, J. & Dobberstein, B. (1988). Signal and membrane
anchor functions overlap in the type II membrane protein
i-yCAT. J. Cell BioI., 106,1813-1820

Other references
Haeuptle, M.-T., Flint, N., Gough, N. & Dobberstein, B.
(1989). J. Cell BioI., in press
Romisch, K., Webb, J., Herz, J., Prehn, S., Frank, R. &
Dobberstein, B., in preparation

11

Molecular mechanisms in protein secretion: formation of neuroendocrine granules

Group leader: W.B. Huttner
Fellows: E. Chanat, E. Friederich*, H.-H Gerdes, C. Niehrs, S. Pimplikar*, U. Seydel*, K. Song*, J. Stinchcombe, S.A. Tooze
Visitors: P. Rosa*, C. Vannier*
Assistants: R. BeiBwanger*, J. Ehrenpreis*, G. Fismer*, R.E. Phillips, U. WeiB

Neurons and endocrine cells govern intercellular communication in animals. The fundamental feature of these cells
is their ability in response to a stimulus to secrete certain
substances, such as neurotransmitters, neuropeptides and
peptide hormones, that function as intercellular messengers.
This ability is based on the fact that neurons and endocrine
cells contain specialized storage organelles for these intercellular messengers from which the latter are released
when the cell is appropriately stimulated. The storage organelles for neuropeptides and peptide hormones, called
large dense core vesicles in neurones, secretory granules
in endocrine cells, or collectively neuroendocrine granules,
are formed in the trans-Golgi network 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 the process of formation of neuroendocrine granules.

Secretogranins/chromogranins as model proteins
The secretogranins are widespread constituents of the matrix of neuroendocrine granules (Rosa et al., 1985b). We
have continued to establish the secretogranins/chromogranins as model proteins to study the sorting of regulated
secretory proteins and the formation of neuroendocrine
granules (Huttner et al., 1988a; see below). In addition, in
several collaborative studies, we have demonstrated that
the secretogranins/chromogranins can be used as marker
proteins to map peptidergic pathways in the nervous system
(Cozzi et al., 1989) and to identify neoplastic neuroendocrine cells in human tissue (Lloyd et al., 1988; Wiedenmann et al., 1988).

The primary structure of the
secretogranins/chromogranins
Continuing our work on the elucidation of the primary structure of the secretogranins/chromogranins (Benedum et al.,
12

1986; Benedum et al., 1987), Hans-Hermann Gerdes and
colleagues have determined the primary structure of human
and rat secretogranin II from cDNA clones (Gerdes et al.,
1988; Gerdes et al., submitted; collaboration with Rainer
Frank). Secretogranin II lacks the disulfide-bonded loop
structure that occurs near the aminoterminus of chromogranin A and chromogranin B/secretogranin I (Benedum et
al., 1987). On the other hand, secretogranin II contains
a homology to the conserved carboxyterminal region of
chromogranin A and chromogranin B/secretogranin I. Thus,
all secretogranins/chromogranins contain a D/E-X-L-X-X-XD/E-X-E-L motif whose biological significance we are currently investigating.

Calcium-mediated aggregation of the
secretogranins/chromogranins
The major structural feature common to all secretogranins/chromogranins is their high hydrophilicity which is
predominantly due to the abundance of charged residues,
in particular glutamic acid. Secondary structure predictions (collaboration with Patrick Argos) show that the secretogranins/chromogranins consist largely of helices and
turns. As these structural features are difficult to reconcile
with the packaging of the secretogranins/chromogranins
at high concentration into the neuroendocrine granules,
unless there is some neutralization of the net negative
charge, Hans-Hermann Gerdes and Patrizia Rosa have
examined the effects of calcium on these proteins (Gerdes
et al., submitted). Experiments with purified secretogranin
II showed that calcium induces secretogranin aggregation.
The secretogranin aggregates formed in vitro exclude proteins that are not packaged into secretory granules in vivo
such as the constitutive secretory protein immunoglobulin
G. The aggregation of secretogranin II in vitro is promoted
by acidic pH. In vivo, drugs neutralizing the acidic pH of
intracellular organelles such as ammonium chloride inhibit
the packaging of secretogranin II into neuroendocrine granules.
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The aggregation hypothesis
These findings have led us to propose a hypothetical model
(Plate 4) of how the secretogranins/chromogranins and
other regulated secretory proteins are sorted from constitutive secretory proteins and packaged into neuroendocrine
granules (Huttner et al., 1988b). According to this model, the
process involves at least three steps. In the first, regulated
secretory proteins form molecular aggregates. Norma"y, this
step takes place in the trans-Golgi network. The formation
of these molecular aggregates may not necessarily require
specific targeting sequences in the regulated secretory protein, this being a receptor-mediated process, but may simply
reflect the overall biochemical property of the regulated
secretory protein, but not the constitutive secretory protein,
to precipitate at a certain concentration and in a certain
lumenal milieu in which divalent cations like calcium may
be important. For some regulated secretory proteins, a
homophilic interaction may be sufficient for the formation
of these molecular aggregates. In other cases, different
regulated secretory proteins may co-precipitate, with various molecular ratios, to form aggregates. Helper proteins
promoting the aggregation process may exist. In fact, the
acidic nature of the secretogranins/chromogranins and their
relationship to sulfated proteoglycans of secretory granules
has led to the suggestion that these proteins may exert
such a helper function for certain peptide hormones and
neuropeptides (Rosa et al., 1985a,b). The key feature of the
aggregation step is that constitutive secretory proteins are
excluded from the aggregates containing regulated secretory proteins, thereby establishing the basis for the segregation between constitutive and regulated secretory proteins.

A three-step model illustrating how the secretogranins/chromogranins and other regulated secretory proteins may be sorted
from constitutive secretory proteins and packaged into secretory
granules (Huttner et al_, 1988b). In the first step, which does not
involve a receptor, regulated secretory proteins form molecular
aggregates that exclude constitutive secretory proteins. This is
the basis for the segregation between constitutive and regulated
secretory proteins. In the second step, the aggregate interacts with
a membrane-associated receptor that recognizes the oligomeric
nature of the aggregate. In the third step, the membrane-associated
aggregate buds from the trans-Golgi network to form an immature
secretory granule, while most of the fluid phase containing the
constitutive secretory proteins remains behind. This completes the
segregation of constitutive and regulated secretory proteins.

In the second step, the aggregate interacts with a receptor
protein in the membrane of the trans-Golgi network. This
receptor may recognize specific epitopes on the surface
of the aggregate, for example the ten-residue motif conserved in the secretogranins/chromogranins. Alternatively,
this receptor may sense the aggregate as such, due to some
biophysical parameter like its size, surface curvature, charge
densitiy, etc. Whatever the mechanism of recognition, the
key feature of this interaction step is that it involves an
oligomeric, rather than a monomeric, ligand. The interaction
of the aggregate with the receptor then triggers the third
step in which the membrane wraps around the aggregate,
excluding most of the fluid phase containing the constitutive
secretory proteins and thereby completing the segregation
of constitutive and regulated secretory proteins, followed
finally by budding of an immature neuroendocrine granule.

Cell-free formation of neuroendocrine granules
Sharon Tooze has developed a cell-free system in which
secretogranins are packaged into newly formed neuroendocrine granules. This cell-free granule formation system (i)
is derived from PC 12 cells, (ii) exploits the previous observation that the secretogranins undergo tyrosine sulfation (Lee
& Huttner, 1983), a trans-Golgi-specific protein modification
(8aeuerle & Huttner, 1987) and (iii) is based on a novel
sucrose gradient centrifugation which efficiently separates
the trans-Golgi and immature neuroendocrine granules. The
cell-free granule formation system should be very useful in
the future to elucidate the molecular mechanism of neuroendocrine granule formation.
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Purification of tyrosylprotein sulfotransferase
Christof Niehrs has purified tyrosylprotein sulfotransferase,
the membrane-bound trans-Goigi enzyme catalyzing the
tyrosine sulfation of the secretogranins and other proteins
(Huttner & Baeuerle, 1988; Huttner, 1988), to near homogeneity. The purification is based on the high affinity of
tyrosylprotein sulfotransferase for appropriate protein substrates. The purification factor obtained, 100,000-200,000fold, is one of the highest reported for an integral membrane protein. Tyrosylprotein sulfotransferase is a glycoprotein with an apparent subunit Mr of 50,000-54,000.
The purification of tyrosylprotein sulfotransferase opens the
way to characterize this enzyme, to study its trans-Goigi
localization, and to compare it to tyrosylprotein kinases.
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Immuno-isolation using magnetic solid supports: An approach to the study of membrane traffic
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Assistant: R. Jellinek

Eight years ago we set out to establish methods to isolate
the subcellular compartments important in membrane traffic.
These are the transport vesicles which were hypothesized
by Palade in 1968 (see review, Palade, 1974) to move
molecules, both proteins and lipids, from one subcellular
compartment to another. Although a great deal of evidence
has accumulated in support of the vesicular transport hypothesis, these vesicles had not been isolated or characterized. The ultimate goal in these studies was to identify the
molecular components involved in the traffic events.
We selected immuno-isolation as the method to develop.
The specificity of antibodies, reacting with epitopes on the
cytoplasmic surface of a vesicle, permits the isolation of
defined vesicles from a larger heterogeneous population
which exhibit a similar buoyant density. In the system we
established the antibodies are bound to monodisper&e magnetic solid supports (Howell et al., 1988 a,b & 1989). The
magnetic beads have been synthesized for this purpose in
collaboration with John Ugelstad and Ruth Schmid at the
University of Trondheim, Norway. The solid support facilitates rapid and efficient isolation of the fraction of interest.
We have used immuno-isolated fractions in cell-free assays
to study specific function of a subcellular compartment. We
have studied the fusion capacity of vesicles derived from the
endocytic pathway (Gruenberg & Howell, 1988, Gruenberg
et al., 1989) and have reproduced a membrane traffic event.

Exocytic transport vesicles generated
in vitro from the trans-Golgi network
The formation of exocytic transport vesicles which bud from
the trans-Golgi network and are destined to the basolateral
plasma membrane in rat hepatocytes has been reproduced
in a cell-free system. The starting preparation for the cellfree assay was a stacked Golgi fraction which had been
enriched and immobilized by immuno-isolation using an
antibody against the cytoplasmic domain of the polymeric
IgA receptor (gift of J.-P. Kraehenbuhl, ISREC, Lausanne,
Switzerland; KOhn & Kraehenbuhl, 1983). When this fraction

was introduced into the appropriate media a specific budding reaction took place. ATP and cytosol were required and
both reduced temperature WC) and 1mM NEM inhibited the
budding reaction. An exocytic transport vesicle fraction was
retrieved from the total budded fraction by immuno-isolation.
Three different metabolic labelling protocols of the rats were
employed and immunoprecipitation of marker proteins was
used to characterize the exocytic transport vesicle fraction.
Specificity was demonstrated by four criteria:
(1)
(2)
(3)
(4)

greater than 80-fold enrichment (over the post nuclear
supernatant) of the mature forms of both plasma membrane and secretory proteins;
minimal enrichment in the immature forms of the same
proteins;
efficient sorting from a resident trans-Golgi membrane
protein (galactosyltransferase); and
effective sorting from molecules destined to the lysosomal pathway (mannose-6-phosphate receptor and
,B-N-acetylglucosaminidase).

Our results suggest that in the hepatocyte one major population of exocytic vesicles is formed which carries a major
portion of both a plasma membrane and constitutively secreted protein.

High density lipoproteins
We have applied our knowledge of membrane traffic to
the study of the process of reverse cholesterol transport
mediated by high density lipoproteins (HDL). This process
is thought to be a protective mechanism for atherosclerosis.
Severe illness and death in a large proportion of our population is caused by atherosclerotic plaques which block blood
vessels. The plaques are formed by the accumulation of
large amounts of cholesterol (as cholesterol esters) stored
in lipid droplets in the cells of the vessel wall (smooth muscle
cells) and in macrophages which embed in the vessel walls.
The physiological process to remove the stored cholesterol
(Le. reverse cholesterol transport) includes: mobilization
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from the lipid droplet, delivery to plasma HDL and transport
on HDL to the liver where the cholesterol can be excreted
in the bile.
We have focused on the first step of the process, the
acquisition of intracellular cholesterol by HDL using mouse
macrophage cell-lines as our model system. We have already shown that HDL and a recombinant hybrid protein
containing apoA-I, the major apo-protein of HDL (apoA-I-PA)
recognize the same cell surface, high affinity binding site,
"receptor" (Monaco et al., 1987). These experiments have
been extended to determine the fate of "receptor" bound
HDL and apoA-I-PA. These ligands were bound to the
cell surface at 4°C, excess ligand was removed and the
cells were warmed to 3JOC to permit normal membrane
traffic to resume. A combination of radioactive (iodinated)
and biotinylated (detected with streptavidin labelled with
europium) ligands were used so that both the total amount
of ligand cell associated and the amount of ligand present
on the cell surface could be quantitated to determine if
internalization took place. Both HDL and apoA-I-PA were
rapidly internalized (70-80% in 10 min) and were then
recycled back to the cell surface. In vivo the HDL would
not remain bound to the cell surface but would be displaced
by the high concentrations of HDL in the interstitial fluid or
serum. The routing of HDL and apoA-I-PA was similar in
lipid starved cells (Le. without lipid droplets) and cholesterol
loaded cells which were shown to efflux cholesterol with
HDL as an acceptor. We can conclude that apoA-1 is able to
mediate the internalization and recycling of the HDL particle.
Our results show that HDL which is prebound to a high
affinity site is efficiently endocytosed into cells which also
efflux cholesterol. In vivo the ultimate derivation of cholesterol is the lipid droplet, however in the cell, a membrane
is always between the lipid droplet and the HDL (either
plasma or endosomal membrane). Therefore, we examined
whether the endosomal membrane could "play a role" in
the efflux process. First we etablished by digitonin density
shift experiments that the endosomal membrane contained
cholesterol in amounts comparable to that of the plasma
membrane; concluding that both the plasma and endosomal
membranes could act as the direct cholesterol donors to
HDL. Then the role of the endosomal low pH environment
on acquisition of cholesterol by HDL was examined. This
was done in a cell-free system and the transfer was shown
to be specific for a membrane fraction and optimal at pH5,
the pH of the endosomal lumen.
Our data show that HDL is internalized and recycled by
macrophage cell-lines in which cholesterol efflux occurs and
that the acquisition of cholesterol by HDL is facilitated by
the endosomal environment. Our goal for the future will be
to provide insights into possible mechanisms of amplifying
the efflux of stored cholesterol for cells and consequently of
retarding atherosclerosis.
Summary and a word of thanks

1988 was the final year for our group at EMBL but happily
there will be continuation of our research approach in the
new group of Jean Gruenberg. Many of the goals we set
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eight years ago have been achieved and this has allowed
the formulation of new goals for the future. Working at
EMBL has been scientifically and personally rewarding. We
especially appreciated the help, encouragement and good
humour of Kai Simons and our colleagues in the Cell Biology
Programme.
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Membrane sorting in endocytosis and Iysosomes formation
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Two different pathways lead to the Iysosomes: from the
cell surface (endocytosis) and from the trans-Golgi network.
In endocytosis, membrane proteins in particular receptorligand complexes and solutes are internalized, delivered to
an early and then to a late endosome before being packaged in the Iysosomes (Goldstein et aI., 1985). The second
pathway is followed by the newly synthesized lysosomal
enzymes from their site of synthesis (the rough endoplasmic
reticulum) to the Iysosomes. Sorting of this class of proteins in the Golgi apparatus requires a common recognition
marker shared by the hydrolases and specific receptors
(Kornfeld, 1987; von Figura & Hasilik, 1986).
The group has oriented its research on the characterization
of the routes leading to, and leaving from the early and late
endosomes as well as the function of these compartments.
We are presently focusing on the identification and the
characterization of the different components of the molecular
machinery controlling the specificity of membrane traffic in
these pathways.
In vitro approach to study membrane
traffic in endocytosis (J. Gruenberg,
M. Bomsel, T. Tuomikoski, C. Walter
& H. Hardersen)

Our main approach has been to study the different endosomes involved in the transport of a trans-membrane protein
to the Iysosomes and the interactions between these endosomes in the non polarized baby hamster kidney (BHK) cell.
The experimental system we have established was: (1) the
different endosomes are fractionated by immuno-isolation.
In collaboration with John Ugelstad (University of Trondheim, Norway), we will continue the present effort to develop
the use of magnetic beads as solid supports (reviews: Howell et aI., 1988a,b; 1989a,b); (2) the fractions are then used
in a cell-free assay to reconstitute endosomal membrane
fusion. This fusion has been monitored by morphological
approaches (Gruenberg & Howell, 1986), by fusion-specific
iodination of the G-protein (Gruenberg & Howell, 1986-1988)

and by the formation of a fusion-specific complex between
avidin and biotinylated horseradish peroxidase (Gruenberg
et at., 1989). This project was initiated together with Kathryn
Howell before she moved to the University of Colorado
(Denver). These studies, combined with morphological (in
collaboration with Gareth Griffiths) and biochemical experiments in vivo, have led us to propose that endosomes
consist of two distinct compartments, the early endosome
and the late endosome (or pre-lysosome) connected by
microtubule-dependent carrier vesicles (review: Howell &
Gruenberg, 1989; outline in Plate 5):
(1)

(2)

(3)

(4)

We had previously shown that the early endosomal
"acceptor" fraction exhibits a high and specific fusion
activity in the cell-free assay (Gruenberg & Howell,
1986-1988). We have now characterized the "donor"
partner of the fusion reaction as elements of the early
endosome (Gruenberg et at., 1989). These studies
indicate that the individual early endosomal elements
in vivo, rather than being separate functional units,
actively interact with each other, thereby exchanging
membrane and content.
Large carrier vesicles are then generated at the early
endosome and collect the material destined to degradation. In vitro these vesicles exhibit little, if any, fusion activity with elements of the early endosome or
with each other (Gruenberg et at., 1989). The carrier
vesicles subsequently transport this material to the
pre-lysosome in a microtubule-dependent manner.
The pre-lysosome in BHK cells corresponds to a
structure similar to the mannose-6-phosphate(Man6P)-receptor-rich compartment described in normal rat
kidney (NRK) cells by Griffiths et at. (1988).
The frequency of encounters between carrier vesicles and pre-Iysosomes in the perinuclear region is
increased by microtubules, thereby increasing the efficiency of an otherwise inefficient delivery process.
(After 30 min, the fusion activities in vitro of both the
donor and the acceptor have dropped to
0% of the
value at 5 min.) We are now developing an assay to
reconstitute this late fusion event in vitro.
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PLATE 5
Immuno-isolation is carried out with an antibody prepared by
Thomas Kreis (1986) against the cytoplasmic domain of the vesicular stomatitis virus (VSV) G-protein implanted into the plasma membrane and subsequently internalized. The "acceptor" component of
the in vitro fusion reaction is the immuno-isolated fraction and the
"donor" is a post-nuclear supernatant without G-protein; both are
prepared after endocytosis of the corresponding markers. Within
5 min at 37°e these appear in early endosomal elements, where
they are routed either to a later stage of the pathway or back to
the plasma membrane with similar kinetics (t1/2
5 min). The
fusion activity in vitro corresponds to 65% mixing of the luminal
content with early endosomal elements and then decreases with a
t1/2
5 min as the molecules leave the early endosome. All the
functions of the early endosome we have measured do not require

Internalization

Compartments

intact microtubules, in contrast to later stages. Neither does the
appearance of a cleavage product of the G-protein (MW: 67,000)
to a 60,000 trans-membrane peptide (see 2nd part of the report).
The markers appear after 5-15 min in large (diameter
J.£m)
acid-phosphatase negative carrier vesicles and after 15 min in
acid-phoshatase positive pre-Iysosomes in the peri-nuclear region.
After 30-45 min, degradation of the G molecules to a 28,000
peptide has occurred. Little degradation beyond the 28,000 peptide
is observed during this time-course, suggesting that this processing
might be initiated in pre-Iysosomes. Parallel studies with the NRK
cell indicate that in these cells the G-protein is transported to the
compartment that accumulates the cation-independent mannose-6phosphate receptor.

Functional characterization
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A detailed investigation of endosome organization in the
polarized Madin-Darby canine kidney (MOCK) cell line was
carried out in collaboration with Christian Prydz in the
group of Kai Simons. Using confocal laser beam microscopy
and biochemical techniques, early apical and baso-Iateral
endosomes are shown to be distinct structures, whereas
later endosomes are common to both pathways. Robert
Parton in the group of Gareth Griffiths has now identified
the structures where the "meeting" of the two pathways
occurs as pre-Iysosomes containing high amounts of Man6P-receptor. This agrees well with the general organization
of the pathway we have observed in BHK cells. Experimental conditions will be established to characterize the
interactions between these compartments using a cell-free
assay.
These studies suggest that early endosomal elements can
fuse with each other. This "lateral" fusion step between
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elements of the same compartment is different from the
fusion events generally considered during vesicular traffic
in an interphase cell. (A carrier vesicle buds from one
compartment and fuses with the next compartment in the
pathway.) In mitotic cells, Warren (1985) has proposed that
the observed vesicularization of reticular organelles (ER,
Golgi) is due to a block of carrier vesicle fusion, a situation
that would facilitate equal distribution of the compartments
in the daughter cells. This postulate remains to be demonstrated. Using our cell-free assay we are testing whether
mitotic extracts interfere with early endosome fusion. The
experimental system consists of cytosol-free fractions prepared from cells that have internalized respectively avidin
and biotinylated HRP. These are recombined with interphasic or mitotic extracts from Xenopus oocytes prepared in
collaboration with Marie-Anne Felix in the group of Eric
Karsenti. Preliminary results indicate that mitotic extracts
are less competent than interphasic extracts in their ability

to support fusion. This observation broadens the original
postulate of Warren and may suggest that fusion activity
is reduced in the cell during mitosis. This approach will be
used to identify molecules involved in controlling fusion.
We are now characterizing the components of endosomal membranes using biochemical and immunological approaches. Different immunization protocols are used to
produce monoclonal reagents that recognize the different
endosomes, using immuno-isolated fractions as antigens.
The distribution of the potential candidates in endosomes is
being studied with the electron microscope, in collaboration
with Gareth Griffiths. In parallel, the protein pattern of the
different endosomes is being established by 2-dimensional
gel analysis. Preliminary experiments indicate, as predicted,
that distinct proteins are present in early endosomes, carrier
vesicles and late endosomes. Our major effort will be to
make use of our experimental system to identify molecules
of the early endosomal membrane that provide the observed
high specific recognition (addresses) between endosomal
membranes as well as components of the fusion machinery.

Biosynthetic pathway to Iysosomes

(B. Hoflack, T. Ludwig, M. Ragueneau
& K. R6misch)

Transport of lysosomal enzymes from the Golgi apparatus to
Iysosomes involves a common recognition marker (Man6-P
residues) and two specific receptors (cation-independent
and cation-dependent Man6-P receptors). In the trans-Golgi
network (TGN), lysosomal enzymes bind to the receptors
and are delivered via clathrin-coated vesicles to an acidified pre-lysosomal compartment before being packaged into
Iysosomes together with endocytosed molecules, while the
receptors recycle back to the Golgi. Electron microscopic
studies have suggested that this pre-lysosomal compartment could be a late endosomal structure where the cationindependent Man6-P receptor is concentrated in NRK cells
(Griffiths et at., 1988). We are currently trying to immunolocalize the other receptor in collaboration with Gareth Griffiths. Preliminary results indicate that it is more concentrated
in early endocytic structures.
During this year, using a biochemical approach, we have
identified the pre-lysosomal compartment(s) where newly
synthesized hydrolases are delivered after their exit from
the Golgi. This mapping of the pathway TGN-Iysosomes
will help to answer the question why a cell needs two
different receptors for apparently the same function. Our
experimental approach was to internalize lactoperoxidase
by fluid phase endocytosis since the pre-lysosomal compartment also belongs to the endocytic pathway. After in situ
iodination of the intraluminal content, lysosomal enzymes
were purified. Because lysosomal enzymes exit the Golgi
as phosphorylated proenzymes, we have used their state of
phosphorylation and their high molecular weight as criteria
to identify these molecules en route to the Iysosomes.
Therefore, the iodinated enzymes were purified by affinity
chromatography (on Man6-P receptor affinity columns) and
by immunoprecipitation (Cathepsin-D was chosen as a typicallysosomal enzyme).

These experiments indicate that iodinated phosphorylated
lysosomal enzymes with a high molecular weight are detected in late endosomal structures, as predicted by Gareth
Griffiths, and also in early endosomal elements. The processed forms of lysosomal enzymes are only present in
late endosomes and Iysosomes. In early endosomes, these
enzymes are highly phosphorylated and partially still bound
to the receptors whereas in late endosomes, they are less
phosphorylated and soluble. This agrees with the properties
of these compartments (pH, acid phosphatase content).
The presence of newly synthesized lysosomal enzymes
in early endosomes does not reflect a secretion-recapture
mechanism since the same distribution is observed in cells
which are not able to take up exogenous ligand.
This shows that both early and late endocytic structures
could be considered as the delivery sites of hydrolases
and would suggest that there is a route from the TGN to
early endosomes. We do not know yet, whether the two
receptors deliver their ligand to the same or to different
endocytic compartments (early or late endosomes). These
experiments were carried out in cells expressing both Man6P receptors or only the cation-dependent Man6-P receptor.
Since this receptor appears ubiquitous, we are now using an
antisense RNA approach (in collaboration with P. Lobel) to
obtain a cell line devoid of this receptor. Such an approach
should also give us the opportunity to investigate in more
detail the function of the cation-dependent Man6-P receptor.
We are now using immuno-isolation techniques, based on
the implantation of the vesicular stomatitis virus (VSV) Gprotein in the plasma membrane and its internalization in the
endocytic pathway, to purify the early and late endosomes
and Iysosomes (see above). In typical pulse-chase experiments, newly synthesized hydrolases and receptors are
immunoprecipitated from these immuno-isolated fractions.
This should give us a more dynamic view of the pathway
TGN-Iysosomes and bring more information on the routes
followed by the receptors after their exit from the Golgi and
on the ligands that each receptor carries.
Sorting of the Man6-P receptors in the TGN or at the plasma
membrane involves the formation of carrier vesicles, both
coated with clathrin. The endocytic and the exocytic clathrincoated vesicles contain different subsets of assembly protein complexes. Using an in vitro approach based on affinity
chromatography, B. Pearse (1983) has recently shown that
these assembly protein complexes could be a part of the
molecular machinery responsible for the segregation of the
recycling receptors from the resident plasma membrane
proteins into coated pits. On the other hand, the cytoplasmic
tail of the cation-independent Man6-P receptor contains two
different signals; one for its sorting in the TGN, the other for
its endocytosis. We are now studying the binding of these
assembly proteins to the Man6-P receptors. In parallel, we
are raising anti-idiotypic antibodies to selected regions of the
cytoplasmic domain of the Man6-P receptor (in collaboration
with David Vaux). We should then be able to determine
which of the proteins of the complex directly interacts with
the receptors and to understand how these interactions are
regulated.
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Molecular address signals In membrane proteins
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A major task of molecular cell biology is the elucidation of the
signals which direct proteins along membrane traffic pathways, and determine their final location in the cell. Whilst
molecular details of targetting signals directing nascent or
newly synthesized proteins to the endoplasmic reticulum
(ER) and mitochondria have been known for some time,
nothing is yet known about the molecular signals which
address resident membrane proteins to the organelles of the
secretory and endocytic pathways, although several signals
have been described for soluble proteins in the lumen of
these organelles (Kornfeld, 1987; Munro & Pelham, 1987).
Rather more is known about the address signals for endocytosis and recycling of surface receptors where it has been
shown that the cytoplasmic portion of membrane-spanning
receptors can interact with proteins in the clathrin coat
(Pearse, 1988). The nature of the binding-site in the cytoplasmic tail has not yet however been completely elucidated.
During the year we have isolated several cDNAs encoding
membrane proteins with which we are studying aspects of
membrane protein addressing. Firstly, we have completed
the molecular cloning and sequencing of a 500 kD surface
receptor with homology to the low density lipoprotein (LDL)
receptor (LDL receptor related protein or "LRP", Herz et
a/., 1988). This protein is of considerable interest in itself
because it is an apoE binding protein with a potentially
important function in lipoprotein metabolism. For this reason
we are also studying its structure, function and gene regulation. In a second approach we have obtained clones coding
for resident membrane proteins from the Golgi complex
using a new cloning strategy which provides both cDNA
and antibody probes for individual proteins within a complex
mixture of proteins.
Molecular cloning of the LRP

From several overlapping cDNA clones a nucleotide sequence of 14896 bp encoding a protein of 4525 amino-acids
has been determined. This sequence shows that the LRP
is composed almost entirely of short segments of sequence
which are also found in the LDL receptor and epidermal

growth factor (EGF) precursor. Most of these repetitive
sequences are cysteine rich motifs that are arranged in
clusters as found in the lipoprotein binding-site of the LDL
receptor. Two further indications of a similar ligand are the
presence of 31 copies of the negatively charged sequence
believed to be reponsible for apoE binding of the LDL
receptor and the ability to bind calcium ions, which are
essential for ligand binding in the LDL receptor. Studies in
collaboration with Dr. Beisiegel (Hamburg) have confirmed
that this molecule can bind to apoE containing liposomes
making it likely that the LRP is a new lipoprotein receptor
with specificity for particles containing apoE. The molecule
contains a single putative membrane spanning segment
and is found in the cell surface membrane of a variety
of cells. Despite the similar sequences which suggest an
origin by duplication of the LDL receptor gene, studies in
collaboration with Drs. Rogne and Myklebost in Oslo have
shown that the LRP gene lies on chromosome 12, not in
the vicinity of either the LDL receptor or EGF precursor
genes. Genomic clones encoding the 5'-end of the cDNA
sequence have been obtained from a cosmid library, and
preliminary footprint analysis suggests that at least 3 protein
factors bind to the region upstream of the 5' -end of the
cDNA. The position of one of the footprints co-incides with a
possible Sp1 binding-site, but no steroid regulatory elements
as found in the LDL receptor gene are present.
Signals in the cytoplasmic tail of LRP

Although the cytoplasmic tail of the LRP shows little overall
homology to the LDL receptor, two short regions within it
are very similar to the sequence which contains the tyrosine
shown to be important for clustering of the LDL receptor into
coated pits. We have therefore conducted cut and paste
experiments between the LRP tail and the extracellular domain of influenza virus haemagglutinin. These experiments
(Plate 6) show that the LRP tail, or indeed either half of
the tail containing the consensus N-P-VIT-Y sequence are
capable of directing the chimeric protein to a compartment
(presumable a coated pit) from which the protein can be
rapidly endocytosed.
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PLATE 6
Immune-fluorescence labelling of CV-1 cells transfected with wildtype HA (panels a, c, e, g, i) and an HA mutant containing the
cytoplasmic tail of the LRP (panels b, d, f, h, j). Anti-HA monoclonal
antibody was bound at DoC, the cells washed at DoC and then
warmed up to 37°C for times of 0 (panels a and b), 15 (panels
c and d), 30 (panels e and f), 60 (panels g and h) and 120 min
(panels i and j) before fixation. The HA-LRP antibody complex is
rapidly endocytosed and transported to Iysosomes suggesting that
the LRP tail contains an address signal for clustering the receptor
into coated pits.

Cloning of Golgi membrane proteins

An important site of membrane traffic is the Golgi complex
which plays a central role in the post-translational modification of newly synthesized proteins and their sorting for
secretion, insertion into the plasma membrane or targeting
to other intracellular compartments such as Iysosomes.
The structural morphology of the Golgi complex and the
kinetics of post-translational modifications during vesicular
transport between successive compartments have been
well described, however there is little information about
the resident membrane proteins and none concerning the
targeting signals that cause them to belong to a specific
compartment. We therefore devised a technique in which
a polyclonal serum raised against a number of rat liver
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Golgi membrane proteins is used to isolate both cDNA
clones and specific antisera against individual membrane
proteins. In essence this involves the expression cloning
of a large number of mixed cDNA clones using a polyclonal serum raised against a mixture of proteins, followed
by their classification using antibodies affinity purified on
individual expressed fusion proteins. By using the bacterial expression vector pUEX (Bressan & Stanley, 1987) in
which large amounts of fusion protein may be generated
in a controlled fashion this affinity purification step is made
simple. The affinity purified antibodies may also be used
for
the size and location of the protein in the
cell, while the fusion proteins may be used for raising
antisera with specificity against defined regions of the protein.

PLATE 7
Immune-fluorescence labelling of normal rat kidney cells using a
polyclonal anti-rat liver Golgi membrane protein antiserum affinity
purified on fusion proteins expressed by individual dones. Panel A
shows the staining pattern obtained with the total antiserum, panels

Starting with a polyclonal antibody raised by Kathryn Howell
against membrane proteins of rat liver Golgi complex, we
have isolated cDNA clones encoding six membrane proteins
which are predominantly located in the Golgi complex (Plate
7). One of these, TGN36, has been studied in detail and
shown to be a highly glycosylated resident membrane protein of the trans-Golgi network. We are at present periorming molecular cut and paste experiments on this protein to
investigate where the address signals specifying its location
in the trans-Golgi network are situated in the protein and
how these signals interact with other cellular elements.
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Role of cytoskeletal elements in the spatial arrangement and movement of cytoplasmic organelles
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Many aspects of cellular motility depend on the cytoskeleton. The microtubules in particular are involved inthe spatial
arrangement of cytoplasmic organelles and they also provide the tracks for various forms of intracellular movement.
Translocation of vesicular organelles along microtubules
has been demonstrated in a number of different cell types.
Recently, candidates for proteins involved in translocating
neuronal organelles along microtubules have been identified
using in vitro reconstituted sytems (for a review see Vale,
1987).
Our goal is to characterize the components which are responsible for the movement of specific organelles along
microtubules in nonneuronal cells and to investigate the
importance of the position of organelles relative to each
other for intercompartmental transport. The three related
approaches we are using are: (1) correlation of the position
and tracks of moving organelles, visualized in vivo, with the
microtubule network; (2) analysis of the dynamic organization of microtubules in vivo; and (3) exploring appropriate
cell models and in vitro systems for identifying and characterizing the proteins which are involved in these processes.

Interaction of the Goigi apparatus
with microtubules
In interphase cells, the Golgi apparatus is a compact perinuclear structure localized close to the microtubule-organizing
centre (MTOC), the site from which the centrosomal microtubules emanate. In cells treated with the microtubuledepolymerizing agent nocodazole the Golgi apparatus scatters throughout the cytoplasm, mimicking to some extent the
fate of the Golgi apparatus during mitosis. Upon removal of
the nocodazole, interphase microtubules repolymerize and
the scattered Golgi elements recluster in the region around
the MTOC.
The movement of Golgi elements during the process of
reclustering after microtubule repolymerization was visual-

ized by video-enhanced fluorescence microscopy (VEFM)
(Ho et al., 1989). C6 -NBD-ceramide was used as a vital stain
for Golgi elements (Lipski & Pagano, 1985). Fluorescentlylabelled Golgi elements moved by discontinuous saltations
with maximal velocities of 0.4 j.£m/sec at 20°C. These
movements were predominantly unidirectional, from the cell
periphery towards the perinuclear region of the MTOC. The
tracks of moving Golgi elements were compared to the
newly polymerized microtubules at the end of the recording
period. About 50% of these tracks correlated with microtubules. Considering the dynamic properties of interphase
microtubules (average half-life 5-10 min, ct. also below) it
is remarkable that about half of the microtubules along which
the Golgi elements reclustered were still present 10-15 min
after these elements had started to move. This may suggest
that these microtubules are stabilized. Microfilaments and
intermediate filaments were neither involved in the reclustering of Golgi elements nor in the positioning of the Golgi
apparatus in the region of the MTOC.
In collaboration with Ernst Stelzer and Clemens Storz (physicallnstrumentation Programme; ct. also the research report
by E. Stelzer) we began to develop software for the analysis
of time-lapse series, recorded by VEFM, of the movement
of fluorecently-Iabelled Golgi eler.ents during the process of
reclustering. With this software we hope to obtain automatic
tracking of the movement of defined objects (e.g. organelles,
or microtubules) in vivo and in vitro. This would replace
the inaccurate and tedious manual tracing and it would
considerably facilitate the analysis of our motility assays (ct.
also below).
During myogenesis the Golgi apparatus reorganizes from
a juxtanuclear distribution in the myoblast cells to a perinuclear distribution corresponding to the newly organized
MTOCs in the multinucleated myocytes (Tassin et al., 1985).
Since the interphase microtubules emanate from the MTOC,
we began to investigate whether the Golgi apparati contributed by the individual nuclei in multinucleated syncytia
are also organized by the microtubule network (collabo25

ration with Brian Storrie, Virginia Tech, Blacksburg). Normal rat kidney (NRK), Vero, and 3T3 cells were fused by
UV-inactivated Sindbis virus at low pH. The distribution of
microtubules and Golgi apparati was followed for up to 20
h post fusion by immunofluorescence using anti-tubulin and
anti-Golgi antibodies. In homologous fusions of NRK or Vero
cells (30 min post-fusion) each nucleus is accompanied by a
juxtanuclear Golgi apparatus. Two hours post-fusion, many
of the Golgi apparati in the Vero multinucleated syncytia
have coalesced to form a large "mixed Golgi complex", either surrounding the nuclei cluster or localized preferentially
along one side of it. At later times (4-20 h), many mixed
Golgi complexes in Vero cells have reorganized to surround
the nuclei cluster. In NRK and 3T3 cells, from 2-20 h postfusion, the Golgi apparati have fused into a complex in the
centre of the syncytia surrounded by a ring of nuclei. In these
cell types, all of the mixed Golgi complexes colocalized
with the highest density of microtubules within the syncytia,
suggesting that microtubules organized the Golgi complex in
these cells. The redistribution of the microtubule-organizing
material in these cells is being investigated. In heterologous NRKl3T3 syncytia, by 2 h some of the mixed Golgi
complexes contained markers for both NRK and 3T3 Golgi,
suggesting a mixing of the Golgi apparati from the two cells.
Whether this represents actual fusion of heterologous Golgi
cisternae or a juxtaposition of distinct NRK and 3T3 Golgi
units is being investigated.
The movement of NBD-Iabelled Golgi apparati in Vero
syncytia was followed by VEFM between 0.5 and 2.5 h
post-fusion to determine whether formation of the mixed
Golgi complex resulted from movement of Golgi elements
along microtubules from one Golgi apparatus to another
or movement of the intact Golgi apparatus towards each
other. Some fluorescent Golgi elements were occasionally
observed to pass between Golgi apparati within a syncytia.
In most cases, however, intact Golgi apparati were observed
to move relative to one another, suggesting that formation
of the mixed Golgi complex is due to movement of the
intact Golgi apparati which follows the redistribution of the
microtubules and the MTOC.
A protein which may be involved in the interaction between
the Golgi apparatus and the microtubule network has recently been identified with a monoclonal antibody (M3A5).
This protein has a molecular weight of 110,000, is a peripheral membrane protein associated with the cytoplasmic
face of the Golgi apparatus, and binds to taxol polymerized
tubulin (Allan & Kreis, 1986). This 110k protein has, therefore, some of the properties required for a protein which
links the Golgi apparatus to the microtubule network during
interphase. This interaction may be regulated since it is
broken during mitosis, when the Golgi apparatus fragments
and scatters throughout the cytoplasm.
We have found that the 11 Ok protein is present in Xenopus
laevis eggs, where it is phosphorylated on serine and threonine residues in both interphase and meiosis (collaboration
with Eric Karsenti). During meiosis the 11 Ok protein is more
highly phosphorylated than in interphase as it incorporates
more 32 p-phosphate, has a more acidic pi, and has a higher
apparent molecular weight. We are currently investigating,
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whether it is this cell-cycle-dependent hyperphosphorylation
of the 110k protein which may play a part in regulating
the Golgi-microtubule interaction or in disrupting the Golgi
apparatus into clusters at the onset of mitosis in Xenopus
laevis oocytes and in tissue culture cells.
We are in the process of isolating the 11 Ok protein. Protein
sequence information will be used to obtain oligonucleotides
for screening of cDNA libraries (collaborations with Rainer
Frank and Keith Stanley). In vitro binding assays using in
vitro synthesized intact and truncated 110k protein may
allow us to define its microtubule and membrane-binding
domains.

Interaction of Golgi-derived carrier
vesicles with microtubules
Newly synthesized membrane proteins are carried in vesicles from the trans-Golgi network (TGN) to the cell surface.
Microtubules have been implicated in the proper targetting of
these vesicles to the cell periphery, for example, the leading
edge of motile fibroblasts or the growth cones of neurite-like
extensions in AtT20 cells (Bergmann et al., 1983; Ho &
Kreis, unpublished results; Kreis, Matteoni, Hollinshead &
Tooze, submitted for publication).
To investigate the putative interaction between these carrier
vesicles and microtubules at a molecular level, we have
established a quantitative in vitro binding assay (collaboration with Claude Antony, Mark Bennett & Kai Simons).
TGN derived carrier vesicles labelled with C6-NBD ceramide
metabolites were purified from filter grown Madin-Darby
canine kidney (MDCK) II cells following perforation of the
apical plasma membrane with nitrocellulose (Bennett et al.,
1988). After incubation with taxol polymerized tubulin from
HeLa cells or bovine brain, the incubation mixture was
centrifuged through a sucrose cushion, and binding was
measured by NBD-fluorescence in the pellet and supernatant fractions. Vesicles sedimented through the cushion
only in the presence of microtubules and cytosol from HeLa
or MDCK cells, and cosedimentation was further stimulated
by AMP-PNP. Negative-stain electron microscopy of resuspended pellets showed distinct microtubule-vesicle complexes (Plate 8). Heat inactivation or mild NEM-treatment of
the cytosol inhibited the binding of vesicles to microtubules.
Mild trypsinization of vesicles also abolished their binding
to the microtubules. When microtubules were coated with
heat stable brain microtubule-associated proteins, binding
of vesicles did not occur. The data indicate that an NEMsensitive cytosolic protein is required for microtubule-vesicle
interaction, and that the vesicles are bound via a trypsinsensitive receptor protein on their surface. Our present efforts are directed towards elucidating the composition of the
protein complex linking the TGN-derived vesicles to microtubules. Preliminary data indicate the presence of specific
cytosolic proteins which are bound to both microtubules and
vesicles. These proteins are presently being characterized.
We are in the process of establishing similar in vitro binding assays to analyze the binding of Golgi elements and
endocytic organelles to microtubules.

PLATE 8
This figure shows an electron micrograph of a negatively-stained,
putative TGN-derived vesicle bound in the presence of HeLa cytosol
to a microtubule polymerized from pure bovine brain tubulin.

-
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Identification of nonneuronal translocator molecules
Biochemical analysis is being used to identify proteins involved in microtubule-dependent organelle transport and positioning in nonneuronal cells. Approaches similar to those
previously applied for the isolation of neuronal microtubulebased translocator molecules have allowed the identification
in HeLa cells of proteins which show nucleotide-sensitive
binding to microtubules, and are analogous to the microtubule motors kinesin and cytoplasmic dynein described
for neuronal tissue. Video-enhanced differential interference
contrast microscopy has been used to visualize motility of
individual microtubules in an in vitro assay for microtubulebased translocator proteins. Using this assay, crude ex-

tracts of these HeLa proteins have been found to have
microtubule-motor activity.
These motor proteins can be isolated from the crude membrane fraction as well as the soluble fraction of HeLa cells,
suggesting they may be membrane-associated proteins.
In addition, two other potentially interesting proteins have
been identified in the crude motor extracts. One protein has
characteristics suggesting it may be a microtubule-binding
protein. The other protein copurifies with cytoplasmic dynein
on sucrose gradients, and may thus be a cytoplasmic dynein
binding protein. Both proteins are also found in crude membrane fractions, and may therefore be involved in interactions between microtubules and organelles.
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Dynamic properties of microtubules
during cell-cell contact formation
As microtubules playa pivotal role in the spatial organization
and movement of cytoplasmic organelles, it is important
to understand more about what regulates their dynamic
properties. It also seems that a subclass of interphase
microtubules is involved in the translocation or positioning
of cytoplasmic organelles (MaUeoni & Kreis, 1987; Ho et al.,
1989).
We have continued using microinjection of rhodaminelabelled tubulin (rh-tubulin) (Kreis, 1987) to study the dynamic properties of microtubules in vivo (collaboration with
Marie-Helene Bre, Jean Oavoust, Eric Karsenti & Rainer
Pepperkok). Fluorescence recovery after photobleaching
revealed that microtubules are stabilized in MOCK cells
upon establishment of cell-cell contacts. However, in subconfluent, isolated MOCK cells, as well as in Vero fibroblast cells (subconfluent and confluent) rh-tubulin-Iabelled
microtubules are significantly more dynamic, with half-times
of 5-10 min, similar to those described previously (Kreis,
1987). This drop in the turnover rate of microtubules as the
MOCK cells form junctions seems not to correlate directly
with increased tubulin detyrosination (see also Bre, Kreis &
Karsenti, 1987). Thus, epithelial cells (MOCK), in contrast
to fibroblastic cells (Vero), appear to induce microtubulestabilizing factors as they establish cell-cell contacts.
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Control of the spatial organization of microtubules in metazoan cells
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Eukaryotic cells have distinct shapes and a high degree
of internal organization. Moreover, they change shape, relocate their internal organelles, migrate from one place to
another in response to external signals. Elucidation of the
molecular basis of these events is one of the most challenging problems in contemporary cell biology.
It is known that cell shape, cytoplasmic organization and
movements depend on the structure and dynamics of protein filaments present in the cytoplasm: the cytoskeleton.
The basic molecular components of the cytoskeleton, actin,
tubulin and intermediate filament proteins have been extensively characterized over the past 10 years. Their spatial
organization during the cell cycle and cell differentiation has
been described as well. We still do not know, however,
how the 3-dimensional organization of the cytoskeleton is
regulated in space and time in vivo.
Among the cytoskeletal systems of the cell, microtubules
are of special interest. During interphase, they form a
more or less dynamic network of fibres, usually originating
at the centrosome, but not always. They play a role in
intracellular movement and positioning of organelles (mitochondria, 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.
One important function for microtubules seems, therefore,
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)
(2)

(3)

The molecular characterization and duplication mechanism of the main microtubule organizing centre of
metazoan cells: the centrosome.
The development and characterization of Xenopus egg
cell-free extracts to study the regulation of the early
embryonic cell cycle, centrosome duplication and microtubule reorganization during mitosis.
The role of microtubules in the establishment of epithelial cell polarity. Identification and characterization
of molecules that control microtubule dynamics in these
cells.

The centrosome

The centrosome of metazoan cells is composed of two
centrioles. Each centriole is a cylinder made of 9 microtubule
triplets, 0.25 nm in diameter, and surrounded by a fibrogranular material which nucleates microtubules. A procedure has
been developed to isolate these organelles which are now
available as an almost homogeneous preparation (80rnens
et al.,1987).
In the past years, we have shown that centrosomes purified
from human lymphoid cells could nucleate microtubules
and duplicate when injected into Xenopus eggs. Moreover,
we showed that in vivo, there is no nucleic acid involved
in the duplication mechanism whereas the 3-dimensional
protein structure of the centriole appears to be important.
Centrosomes duplicate in three steps (budding, separation
and disorientation) that are correlated with specific stages
of the cell cycle. This must be controlled by cell cycle signals. To approach the question of centrosome duplication in
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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.

The cell cycle in cell·free extracts
of Xenopus eggs
The cytoplasm of Xenopus eggs arrested at metaphase II
of meiosis is at present the best source of mitotic factors.
Following fertilization or artificial activation, the egg enters
a series of rapid cell cycles alternating between S-phase
and metaphase every 30 min. During each metaphase, the
overall level of protein phosphorylation increases because a
specific kinase is activated (Karsenti et al., 1987; Oabauvalle
et al., 1988). The activity of this cAMP and Ca++ independent kinase can be followed on exogenous histone H1, and
it has been partially purified from Xenopus eggs arrested in
metaphase. It fractionates as a single peak through several
chromatographic purification steps (Labbe et al., 1988a). The
same kinase has been purified to homogeneity from starfish
eggs in M. Ooree's group in Montpellier. It is a 34 kO protein
which is homologous to the yeast cdc;2+ cell cycle gene
product (Labbe et al., 1988b).
We have prepared cell-free extracts from activated Xenopus
eggs in which the histone kinase activity oscillates with
the same period and amplitude as the in vivo cell cycle.
Moreover, the in vitro pattern of protein phosphorylation
changes with the activity of the kinase and is similar to that
observed in vivo.
Another protein involved in the regulation of the cell cycle, called cyclin (not the PCNA; Pines & Hunt, 1987), is
synthesized continuously in these extracts and periodically
degraded concomittantly with inactivation of the kinase, as

in vivo.

Using this in vitro cell cycle system, we have shown that
the cdc2+ kinase does not require phosphorylation to be
activated at mitosis whereas the destruction of cyclin and
inactivation of the kinase that occur at the transition from
metaphase to S-phase do.
Finally, we have shown that during the protein synthesis
independant phase of the cell cycle Uust before mitosis), the
kinase is activated by a mechanism involving both soluble
and particulate material. The kinase itself is always soluble.
This part of the cell cycle occurs in extracts that can be
frozen and thawed. We are, therefore, now in the position
to use this system either to purify the regulatory components
of the mitotic kinase or to study microtubule dynamics and
centrosome duplication in vitro during the transition from
interphase to metaphase and back to interphase.
We have used similar extracts prepared from metaphase
and interphase arrested eggs to study the cell cycle control
of microtubule dynamics and organization in vitro. In interphase extracts, there is a slight spontaneous polymerization
of tubulin as in vivo. The addition of purified centrosomes
to such extracts produces the assembly of extremely long
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microtubule asters. Taxol, a microtubule stabilizing drug,
induces explosive polymerization of the endogenous tubulin
into long microtubule bundles. In mitotic extracts, there is
no spontaneous tubulin polymerization, added centrosomes
induce the assembly of short microtubule asters, and taxol
induces the assembly of microtubules that reorganize into
typical mitotic asters. This drug has the same effect when
added to living, mitotic Madin-Oarby canine kidney (MOCK)
cells. The center of mitotic taxol asters produced in vivo
and in vitro is decorated by a monoclonal antibody that
recognizes a 75 kO protein and stains the poles of mitotic
spindles in MOCK cells.
In conclusion, we have developed an in vitro simplified
model to study the mechanism of mitotic spindle pole assembly. Using this system, we have already shown that the
increased dynamics of microtubules during metaphase and
the assembly of mitotic poles are regulated by phosphorylation and under the control of the cdc2+ mitotic kinase.

Microtubules and the establishment
of epithelial cell polarity
In fibroblasts, most microtubules are nucleated by the centrosome 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 (Kirschner &
Mitchison, 1986). We have shown that in epithelial cells
in culture (MOCK), numerous microtubules are very stable,
having a half life of about 30 min. Moreover, most of these
microtubules appear not to be nucleated by the centrioles. In
collaboration with Thomas Kreis, we have been able to show
that the stable non centrosomal microtubules are enriched
in a specific form of post-translationally detyrosinated atubulin. Microtubule stabilization in vivo seems to be a slow
and complex process with which a-tubulin detyrosination is
associated (Bre et al., 1987).
By injecting foreign tubulin (Paramecium) which is then
detected by a specific antibody, we have confirmed that
microtubules originate from several different sites in subconfluent MOCK cells, suggesting that nucleating material
is dispersed in these cells. Moreover, we have shown that
centriole splitting is induced by the establishment of cell
contacts, their actual position being determined by the conflicting action of microtubules anc microfilaments.
The observation of microtubules in isolated MOCK cells
grown on filters using the confocal microscope also showed
that they originate from a broad region located close to
the nucleus. Following the establishment of contacts, and
final polarization, this region is relocated together with the
centrioles in the apical region of the cells. In polarized cells,
microtubules run from the apical to the basolateral region in
large bundles, their plus end being located in the basal part
of the cells.
This polar distribution of microtubules is certainly very important for the polarized intracellular transport of vesicles.
In fact, the Golgi apparatus that is located close to the
nucleus in isolated MOCK cells spreads out following the

establishment of cell contacts, and is relocated in the apical
region of fully polarized cells. In other words, the Golgi
apparatus always migrates in the region of the cell where the
minus end of microtubules is positioned. How the location of
the minus end of microtubules is determined in the cell remains to be investigated. Preliminary observations strongly
suggest that in epithelial cells the microtubule nucleating
material is positioned by a mechanism involving cell-cell
interactions and the actin network.
This work involves collaborations with the groups of Kai
Simons, Wilhelm Ansorge and the Physical Instrumentation
Programme at EMBL and the group of A. Adoutte at Gif-surYvette, France.
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Endocytosis In Animal Cells

Group leader: G. Griffiths
Fellow: R. Parton*
Visitor: C. Antony*
Assistants: R. Back, H. Horstmann*

Endocytosis, the constitutive process by which cells take up
nutrients and fluid from the extracellular medium, has been
extensively studied during the past decade, in particular by
biochemical approaches. These studies have established
that:

Our observations during the past two years have led us
to propose the following model of the endocytic pathway,
which in effect, is a summary of all this work (Plate 9). The
main experimental data, which we can now summarize will
thereby be easier to follow.

(1)

First, in collaboration with Mark Marsh (Chester Beatty Laboratories, London) we have recently completed an extensive
study of endocytosis in cultured baby hamster kidney (BHK)
cells in which qualitative morphological observations were
combined with quantitative ste reo log ical estimations and
biochemical estimations of fluid phase uptake of horseradish
peroxidase (HRP). The main points from this study can be
summarized as follows:

uptake from the medium may occur either passively
(fluid-phase endocytosis) or actively, by specific receptors (receptor-mediated endocytosis);
(2) both these processes occur primarily, if not exclusively,
by clathrin coated pits which invaginate to form coated
vesicles;
(3) the latter deliver their content into endosomes which
consist of at least two functionally distinct compartments, an early one with a pH of about 6 and a later
one that is more acidic (pH:::::: .5);
(4) recycling of receptors occurs primarily from the early
endosome compartment, although it is also possible
from later compartments. A minor traffic route that
connects with the last Golgi compartment, the transGolgi network (TGN), (but not, most likely, to earlier
Golgi compartments) also exists;
(5) the contents of endosomes that are not recycled end
up in the terminal compartment, the lysosome, which
contains the bulk of acid hydro lases and has the lowest
pH of any cell organelle «5). This organelle has been
the most extensively studied by biochemical methods.
Despite these advances, our knowledge of the structures
involved as well as of the precise pathways through which
fluid, ligands and receptors travel is relatively scanty, with
the exception of the well-characterized clathrin coated vesicle. Morphological studies in general have been relatively
few in number and, of these, very few have designed their
experiments in direct combination with biochemical studies.
One significant problem has been that of identifying the
various organelles. This is due primarily to the difficulties
in obtaining well-characterized morphological marker§, especially endogenous ones.
We have made a serious commitment to improving our
understanding of the structures and the pathways involved
in endocytosis in cultured animal cells by combining morphological approaches directly with biochemical studies.
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(1)

(2)

(3)

The volume of fluid taken up by these cells per minute
can be accounted for by about 1000 coated vesicles of
100 nm diameter. By stereo logy the area of the plasma
membrane covered by coated pits was independently
estimated to be about 35 p,m 2 • This amount of surface
would precisely account for 1000 coated vesicles.
It takes about 15 min to '1ill" the early endosome and
the endosome vesicle compartments, which have a
total volume of 7 p,m 3 and a peripheral surface area of
430 p,m 2 • This volume is a very small fraction (0.5%)
of the total cell volume (1400 p,m 3 ), but the surface
area represents a significant percentage (20%) of the
plasma membrane surface. During the "filling" of the
early endosome with HRP we could show, by quantitating the immunolabelling with anti-HRP, that the
concentration of the marker increases linearly during
the filling phase.
After 15 min HRP is detected in distal endocytic structures. The data showed that it took a surprisingly long
time, 4 h, for the marker to gain access to the whole of
the endocytic apparatus including the Iysosomes. The
latter, collectively, had a much larger total volume than
the early endosomes (37 p,m 3 ) but a similar peripheral
surface area. In this study a clear distinction between
the pre-lysosomal compartment (PLC) and Iysosomes
could not be made since we could not use man nose6-phosphate receptor (MPR) as a marker due to the
inability of our anti-MPR antibodies to cross-react with
BHK cells.

PLATE 9
Early
Endosome

Schematic diagram of our model for the compartments involved in
endocytosis. The endosome vesicle is postulated to be the carrier
between the early endosome and the MPR-enriched prelysosomal
compartment.
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With respect to the "endosome vesicle" (see Plate 9) we
have undertaken an extensive morphological study of this
compartment in collaboration with Jean Gruenberg and
Kathryn Howell (Gruenberg et al., 1989). This is described
in detail in the report by J. Gruenberg.
In the normal rat kidney (NRK) cell, as well as in many
other cultured cell types we have looked at, the PLC is
characterized and now defined as having very high concentrations of the cation-independent MPR. This compartment has a complex tubulo-vesicular structure whose lumen
is filled with a large surface area of internal membrane
structures: most of the MPR is localized to these internal
membranes (Griffiths et al., 1988). Our quantitative studies in NRK cells now indicate that 90% of this receptor
is localized to the PLC, and the rest distributed over the
plasma membrane, early endosomes and the TGN. The
reason why so much of the MPR is localized to the PLC
is still not clear but qualitatively this distribution to the compartments mentioned agrees with extensive biochemical
studies on the function of this receptor (see von Figura
& Hasilik, 1986, for a review). Essentially, the main role
of the MPR is to bind newly-synthesized phosphorylated
lysosomal enzymes in the TGN. In this way the receptor
can sort this class of protein away from the main pathway
out of the TGN to the plasma membrane and facilitate,
instead, a delivery into the endocytic pathway. The MPR
is also able to bind exogenous phosphorylated lysosomal
enzymes (as well as the insulin-like growth factor II) on the
plasma membrane and target these to Iysosomes via the
endocytic route. A consensus is emerging that, with respect
to the targeting of newly synthesized lysosomal enzymes to
the Iysosomes, this second pathway is likely to be of minor
importance.

In collaboration with the groups of Bernard Hoflack and Stuart Kornfeld (St. Louis, USA) we have continued our analysis
of the PLC as well as the lysosome compartment, primarily
in NRK cells. First, we have extended our studies (described
above) from BHK cells by looking at the kinetics of HRP internalization into the various compartments of the endocytic
pathway of the NRK cell since, in this cell type, we could use
the MPR as a marker for the PLC. The morphological part
of this study was performed by quantitating HRP using antiHRP and protein A-colloidal gold labelling on cryo-sections
of cells that had internalized HRP for different times: the
concentration of HRP could be related to the different compartments (Plate 9) by using different secondary markers to
identify them. The results showed that the concentration of
HRP in early endosomes and endosome vesicles reached
a plateau at about 15 min (as it did in BHK cells) while
in the PLC itself it took 60 min for the HRP to achieve the
same concentration. The latter level was only reached in the
Iysosomes after a 4 h period (again, similar to the BHK cell
data). The Iysosomes were labelled with lysosomal enzymes
purified from Dictyostelium and conjugated to relatively large
colloidal gold particles: these were internalized by the cells
the day before the HRP uptake. Biochemical studies by
Thomas Ludwig and Bernard Hoflack using lactoperoxidase
as a marker have given very similar kinetic results. Significantly, looking at the lactoperoxidase-catalyzed iodination of
the MPR they could show that it also took 60 min for the bulk
of the receptor to become iodinated. By fractionation using
percoll gradients, Hoflack has shown clearly that the PLC
co-fractionates with relatively "light" membrane fractions,
clearly separated from the bulk of "dense" Iysosomes where
most of the acid hydrolases are found. This agrees well with
the distinction between the PLC and Iysosomes from the
morphological experiments.
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PLATE 10
Meeting of the basolateral and apical endocytic pathways of the
MDCK cell. An anti-MDCK antibody was bound to the apical surface
(Ap) at 4°C and then labelled with 9 nm protein A-gold. Horseradish
peroxidase (HRP) was administered to the basolateral surface (BI).
The cells were then warmed to 37°C for 15 min and processed for
EM. Basolateral endosomes labelled only with HRP (arrowheads)

BI

34

lie alongside the lateral surface and a gold-labelled structure underlies the apical surface (arrow). In the Golgi area (G) colocalization
of basolateral and apical markers is observed in two structures,
marked with asterisks (enlarged in the insets to show the gold
particles). Bars = 0.25 Ji-m.

Ap

We have also studied an MPR-negative L-cell line that Peter
Lobel and Stuart Kornfeld have transfected with various constructs containing cDNAs coding for the MPR. The control
cells, although essentially free of MPR, have structures that
appear very similar to the PLC in NRK cells, with extensive
internal membranes. Since they have no MPR they secrete
most of their lysosomal hydrolases into the medium and
show no binding to exogenous lysosomal enzymes at their
surface. When these cells are transfected with cDNA for the
complete MPR the receptor is functional and now diverts
the bulk of the newly synthesized acid hydrolases from the
TGN to Iysosomes and relatively little is secreted. They
are also able to bind and internalize exogenously added
phosphorylated lysosomal enzymes. Our immunocytochemical studies indicate that these cells are indistinguishable
from NRK cells, with the bulk of the transfected MPR being
localized to the PLC structures that are accessible to HRP
45 mins after internalization from the medium, but not after
10 min. These studies are now focused on various mutants
of the receptor whose intracellular pathways and function
have been markedly altered.
The Kornfeld group has now also transfected the MPRnegative L-cells with a high copy number of the second mannose-6-phosphate receptor, the so-called cationdependent (CD) receptor, whose localization in cells has,
until now, proven difficult to identify despite extensive efforts.
This receptor appears to function very similarly to the cationindependent MPR and it is far from clear why cells need
two different receptors. In these transfected cells we were
recently able to obtain a good immunocytochemical signal
for this CD receptor. Detailed studies are now required
to find out its precise distribution, as well as the relative
amounts of this receptor in the various compartments, using
defined second markers.
In a collaboration with Kai Simons's group, who have carried
out the complementary biochemical experiments, Robert
Parton has been examining the endocytic pathways in the
polarized cell line, Madin-Darby canine kidney (MOCK),
using an electron microscopic approach. It has previously
been shown in these cells that membrane is constantly
internalized from the two surface domains of these cells
and that, in addition to the pathways to the Iysosomes,
extensive transcytosis (transfer of membrane between the
two surfaces) occurs. Despite these processes the different
compositions of the two surface domains are maintained.
The aim of this project has been to determine whether the
two endocytic pathways from the apical and basolateral
plasma membrane domains in the MOCK cell were completely separate or whether at some stage the pathways
met. Two distinguishable EM markers were applied to the
two surface domains of MOCK cells grown on filters and
internalization was allowed to proceed. After a short incubation at 37°C, or after a longer incubation at 20°C, the two
markers were observed within distinct peripherally-located
endosome structures. The labelled endocytic structures at
this time showed low-labelling with antibodies against the
cation-independent mannose-6-phosphate receptor (MPR)
on frozen sections. At later times, co-localization of the two
markers was observed within a perinuclear compartment
enriched for MPR, and morphologically similar to the pre-

lysosomal compartment (PLC) described in non-polarized
cell types (Plate 10). The markers then passed from the
MPR-positive PLC to MPR-negative structures, assumed
to be Iysosomes. Interestingly, the Iysosomes were located
almost exclusively in the apical half of the cell unlike the PLC
which was also observed both apical and basal to the nucleus. In addition to these qualitative observations (summarized in Plate 11) we have used stereological techniques to
quantitate the two endocytic pathways in the MOCK cell and
to gain estimates of the absolute volume and surface areas
of the endocytic compartments. These results now provide a
basis for future investigations into the complex mechanisms
involved in sorting basolaterally- and apically-internalized
components and in targeting them to the appropriate domain
or organelle. Further, the high degree of spatial organization
of the endocytic organelles in the MOCK cell makes it a
useful model system to study the inter-relationships between
the different endocytic compartments; for example, to study
the involvement of microtubules in the transfer between the
PLC and Iysosomes.
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PLATE 11

Schematic representation of the endocytic compartments in the
MDCK cell. Distinct basolateral (18) and apical early endosomes
(lA) located peripherally in the cell receive only markers internalized from the adjacent membrane domains. The markers from
the two sets of early endosomes then pass into a single class
of late endosomes enriched in MPR, termed the prelysosomal
compartment (2). Ligands then accumulate within apically-located,
MPR-negative Iysosomes (3).
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Claude Antony, in collaboration with Kai Simons' group, has
been using immunocytochemical and structural methods to
look at the transport of newly synthesized viral glycoproteins
from the TGN to the apical or basolateral plasma membrane
of MOCK cells. For these studies the perforated cell system
has been used as an in vitro system (see the research report
by K. Simons). The rationale here has been to accumulate
the G protein of vesicular stomatitis virus (VSV), (which is
destined for the apical membrane) or the haemagglutinin
(HA) of influenza virus (which is destined for the basolateral
membrane) in the TGN at 20°C. By concomitantly perforating the cells and switching to 37°C the viral proteins
leave the TGN and pass through the pores in the apical
membrane into the medium. The morphological analysis of
the apical medium-derived membranes has shown clearly
that, for both G protein and HA, the viral proteins are present
in 80-100 nm vesicles. In collaboration with the groups of
Thomas Kreis and Eric Karsenti, Claude Antony has also
focused on the possible role of microtubules in the transport
step from the TGN to the apical membrane. These studies
have been carried out both in vitro as well as in vivo. The
current state of the in vitro project is that some of the isolated
vesicles from the perforated cells can be shown to bind to
microtubules in vitro although the extent of this binding, as
well as its significance, remains to be determined. For the
in vivo studies, a prerequisite was the need for a detailed
ultrastructural description of the organisation of microtubules
in MOCK cells. From these studies it has now become
apparent that only a subset of microtubules are nucleated
by the centrioles, which are located just beneath the apical
membrane in these cells. Since the plus (growing) end of
microtubules are located in the basal region of these cells
this suggests that, in addition to the centrioles, some other
nucleating material must be localized in the apical region
of the cell. Further, during the establishment of cell polarity,
these nucleating sites have to be relocated. To study this
problem at the EM level MOCK cells were microinjected
with exogenous tubulin (from Paramecium) and a double
immunogold labelling was performed by tagging the exogenous and endogenous polymerized microtubules with
different sizes of gold. Thick Epon sections then enabled
the growing ends of MOCK microtubules to be detected by
the presence of the Paramecium tubulin. These were mostly
observed at the periphery of the cells, but so far no obvious
site of nucleation has been identified.
Publications during the year
Van Oeurs, B., Sandvig, K., Petersen, O.w., Olsnes, 5.,
Simons, K. & Griffiths, G. (1988). Estimation of the amount
of internalized ricin that reaches the trans-Golgi network. J.
Cell BioI., 106, 253-267
Griffiths, G., Hoflack, B., Simons, K., Mellman, I. & Kornfeld,
S. (1988). The man nose 6-phosphate receptor and the
biogenesis of Iysosomes. Cell, 52, 329-341
Hughson, E., Wand inger-Ness, A., Gausepohl, H., Griffiths,
G. & Simons, K. (1988). The cell biology of enveloped
virus infection of epithelial tissues. In Molecular Biology and
Infectious Diseases: ed. Schwartz, M.; Elsevier, Paris, pp.
75-89
36

Parton, R.G., Ockleford, C.O. & Critchley, O.R. (1988).
Tetanus toxin binding to mouse spinal cord cells: an evaluation of the role of gangliosides in toxin internalisation. Brain
Res., 475, 118-127
Valle, G., Bhamra, 5.5., Martin, S., Griffiths, G. & Colman,
A. (1988). Effect of anti-ER antibodies within the ER lumen
of living cells. Exp. Cell Res., 176, 221-233
Other references
von Figura, K. & Hasilik, A. (1986). Ann. Rev. Biochem., 55,
167-193
Gruenberg, J., Griffiths, G. & Howell, K.E. (1989). J. Cell
BioI., 108, (April)

The role of the yeast nuclear envelope in nuclear and cell division

Group leader: E.C. Hurt
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Student: T. Schimmang
Assistant: H. Kern

In the yeast Saccharomyces cerevisiae, the nuclear membrane is involved in many cell-cycle regulated processes
such as duplication, separation and migration of the spindle
pole body (the spindle pole body is functionally related to
the centrosome of higher eukaryotes), nuclear movement,
chromosome segregation and nuclear division. Structural
components at the nuclear boundary which are required for
these processes have not been identified so far. Furthermore, it is not yet understood how the signals (e.g. phosphorylation) controlling cell-cycle events are decoded within
the cell leading to the structural reorganization required
for nuclear and cell division. Our aim is to identify such
structural components at the nuclear periphery which are
essential for cell division and are regulated by the cell-cycle
dependent signal transduction pathway(s).
Identification of NSP1, a novel
nucleoskeletal-like protein in yeast
A new procedure for the isolation of yeast nuclei was developed yielding nuclei in good yield and pure form (Hurt et
al., 1988). The purified nuclei were extracted with salt and
detergent and the insoluble fraction derived showed distinct
structural features consistent with a nucleoskeletal network
of filaments when examined in the electron microscope. This
insoluble nuclear fraction was used to generate polyclonal
antibodies. Individual antibodies were affinity-purified from
the crude immune serum and tested in indirect immunofluorescence for staining of the nuclear periphery. Using this
approach, we identified a nucleoskeletal-like protein (which
we called NSP1) with apparent molecular mass of 100 kO
on SOS-polyacrylamide gels. This protein co-fractionated
with the purified nuclei during subcellular fractionation and
appeared to be located at both the spindle pole body and
the nuclear membrane.

NSP1 is an essential gene required for
the life cycle of Saccharomyces cerevisiae
Using the polyclonal antibody as a probe, the gene encoding
NSP1 was cloned from a >.gt11 expression library and the
full-length gene was subsequently isolated from a yeast
genomic library. One copy of the NSP1 gene was inactivated
in a diploid yeast strain. Haploid progenies carrying the
disrupted NSP1 gene were not viable showing that NSP1 is
an essential gene. Interestingly, the spores containing the
inactive NSP1 gene could germinate, but in most cases cell
growth was arrested during the first budding cycle. Thus,
NSP1 seems to be required for cell division. The haploid
disruption mutant of NSP1 was able to be complemented
by the full-length gene of NSP1 present on single-copy or
high-copy number plasm ids.
Location of NSP1 in the yeast cell and
of a related protein in mammalian cells
Monospecific antibodies against the NSP1 protein (generated by injecting a fusion protein between ,a-galactosidase
and the NSP1 protein) were affinity-purified against the
NSP1 moiety and used for indirect immunofluorescence
on whole yeast cells and mammalian Madin Oarby canine
kidney (MOCK) cells. In yeast, the antibody stained the
nuclear periphery in a heterogenous manner: both a dotand ring-like staining of the nuclear envelope was frequently
observed. Some of the dots corresponded to the position of
the spindle pole body as shown by double immunofluorescence labelling using antibodies against tubulin and NSP1.
Therefore, the NSP1 protein in yeast might be associated
with or closely located at both the spindle pole body and the
nuclear membrane. In mammalian MOCK cells, the antibody
against the yeast NSP1 protein stained the centrosomes
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PLATE 12
A model of the NSP1 protein. The three domains of NSP1 are
presented on a tentative schematic.
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both in interphase and mitotic cells. In mitotic cells, a pericentriolar staining which co-localized with the mitotic spindle
was also observed. It therefore appears likely that NSP1
has been conserved during evolution occurring both in the
mammalian centrosome and the functionally related yeast
spindle pole body.
The sequence of NSP1 reveals
similarities to both cytoskeletal
and calcium-binding proteins
The DNA sequence of NSPl has been determined and
the deduced amino-acid sequence encodes a protein of
823 amino-acids. The properties of this 86 kD protein are
consistent with a nUcleoskeletal-like protein.
According to the amino-acid sequence, the NSPl protein
appears to comprise three different domains (Plate 12). The
middle domain containing residues 166-603, in which the
amino-acid sequence is highly repetitive, is composed of
22 tandem repeats. Each repeat unit contains a highly conserved nine residue-long peptide sequence followed by a
hydrophilic and highly charged ten amino-acid-Iong peptide
sequence. The middle part of NSPl therefore resembles
other cytoskeletal proteins, for example intermediate filaments which also contain repetitive building blocks in their
polypeptide chain (Steinert et al., 1985). The amino-terminal
end of NSPl (residues 1-165) has similarities to the aminoterminal "end domain" of type I and " cytokeratins which
are rich in glycines and serines and also contain repetitive
peptide sequences (Steinert et al., 1983). The carboxyterminal domain of NSP1 (residue 604-823) shows partial
sequence homology to the parvalbumins which belong to
"EF-hand" calcium-binding proteins (Kretsinger, 1980). It is
therefore possible that NSPl binds calcium, perhaps in a
cell-cycle-dependent fashion.
Possible function of the NSP1 protein
NSP1 plays an essential role in the life cycle of Saccharomyces cerevisiae and mutant haploid cells deficient in
NSP1 cannot complete cell division. Consistent with this
phenotype and according to its nuclear location, NSP1 may
play an important function in nuclear division. Since NSP1
38

Similarity
to
Calcium-binding
proteins

appears to be located at both the spindle pole body and the
nuclear membrane, we speculate that the protein is part of a
nucleoskeletal structure which might position, interconnect
or separate the two spindle pole bodies. For this cell-cycle
regulated process, binding of calcium to the NSP1 protein
could be crucial for the NSP1 function. In this context, it is
interesting to note that a carboxy-terminal truncated form
of NSP1, lacking only the putative calcium-binding domain,
is no longer functional. Our future work will focus on the
significance of the various domains of NSP1 for its function,
on components which might functionally interact with NSP1
and on the evolutionary relationship between the yeast
spindle pole body and the mammalian centrosome.
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Molecular mechanisms of intracellular sorting processes
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The group began work at EMBL in August 1988 on the
use of immunological techniques to identify protein-protein
interactions relevant to the sorting of eukaryotic membrane
components. Most progress has so far been made with a
viral model for the assembly of an intracellular structure
(the viral nucleocapsid) and its subsequent interaction with
a transmembrane glycoprotein complex (the viral spike glycoproteins).

The assembly of alphavirus nucleocapsids
An early stage in the production of alphaviruses is the
association, in the cytoplasm of an infected cell, of a single
copy of the positive strand RNA viral genome with 180
copies of a single polypeptide, the capsid protein, to form
a compact, icosahedrally symmetrical nucleocapsid. The
assembly process is not well understood, at least partly
because it is apparently not possible to express the cloned
capsid gene stably in eukaryotic cells. Eukaryotic expression studies reveal that the capsid protein may be well
expressed transiently, but that nucleocapsids positive for
the anti-idiotype antibody, F13, are not produced (Vaux,
unpublished observations). We have recently obtained the
stable expression of Semliki Forest virus (SFV) capsid
protein in E.coli and find that the protein produced is not
sequestered in inclusion bodies, which is the fate of many
other exogenous proteins. Rather, the capsid protein remains in the cytoplasm where at least a fraction of it undergoes an assembly step resulting in a sedimentable particle with strong reactivity to anti-capsid antisera. Negative
staining of these particles reveals a population of spherical
structures with suggestive regular surface features. We are
now attempting to analyse these structures by cryo-electron
microscopy and image reconstruction in collaboration with
Stephen Fuller. In collaboration with the protein chemistry
group of Rainer Frank we are also investigating the role
of capsid intramolecular and intermolecular disulphide linkages in the assembly and stabilisation of SFV nucleocapsids.

The budding of alphaviruses
After the assembly of nucleocapsids within the cytoplasm,
enveloped virions are rapidly formed by a selective budding process at the plasma membrane of the infected cell.
The nucleocapsids acquire a host cell derived lipid bilayer
containing an icosahedrally symmetrical array of viral spike
glycoprotein complexes from which host cell membrane proteins are effectively excluded. This sorting event is of interest
because of its specificity, its similarity to endogenous cellular
sorting events in which intracellular structures (such as the
coat of coated pits) mediate sorting of trans-membrane
proteins, and the simplicity of the components involved. A
potential mechanism for this sorting process has recently
been identified by the reconstruction of the recognition
event in SFV using network antibodies (Vaux et al., 1988).
Monoclonal anti-idiotype and anti-anti-idiotype antibodies
have been used to identify, respectively, a nucleocapsid
"receptor" and a "ligand" present in the cytoplasmic domain
of the E2 spike glycoprotein. In conjunction with Heinrich
Gausepohl and Rainer Frank we are epitope mapping the
31 residue cytoplasmic domain of the E2 spike glycoprotein
of SFV using overlapping, short, synthetic peptides. The
unconjugated 31 residue peptide elicits a good humoral
response in rabbits and Balb/c m:::;e, but different epitopes
are recognized in each case. The epitope recognized by
the monoclonal anti-anti-idiotype antibody 3G 10 appears
to be distinct from those recognized by either polyclonal
antiserum. We have also collaborated with Rainer Pepperkok to develop a microinjection assay for inhibition of viral
budding. This is based on the co-microinjection of putative
inhibitors and infectious SFV genomic RNA into a small
number of cells on a coverslip. The spread of infection is
then monitored, both by staining the cells with antisera to
the viral spike glycoproteins and by measuring the amount
of infectious virus in the supernatant by plaque titration. This
assay is currently being validated and will be used to test
the monoclonal anti-idiotype and anti-anti-idiotype reagents,
as well as peptides derived from viral sequences, for their
ability to inhibit viral budding.
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The sorting of receptors Into coated pits
Transmembrane glycoprotein receptors for many extracellular ligands are efficiently internalized by endocytosis of
specialized coated depressions in the plasma membrane
into which the receptors are first concentrated. This sorting event is topologically similar to the interaction of viral
glycoproteins and nucleocapsid during alphavirus budding.
We have recently begun to try to identify the components
involved in the sorting of the low density lipoprotein receptor
using a similar anti-idiotype approach based upon paired in
vitro immunizations.

Publication during the year
Vaux, D., Mellman, I. & Helenius A. (1988). Spike-nucleocapsid interaction in Semliki Forest virus reconstructed using network antibodies. Nature, 336, 36-42
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Differentiation Programme

Introduction
In the last ten years a large number of genes have
been identified which play an important role in growth
control, oncogenesis, differentiation and development.
These genes encode growth factors, growth factor receptors, signal transducing molecules (for example tyrosine kinases or GTP binding proteins) and nuclear proteins with gene regulatory functions (such as ubiquitous transcriptional activators, hormone receptors, homeotic
genes etc.). This collection of genes, also known as
proto-oncogenes/oncogenes, has been the main focus
of the Differentiation Programme during the last five
years.

In 1988, several group leaders have left and taken senior
positions in various national and international laboratories.
I would like to take this opportunity to express my gratitude
to Hartmut Beug, Rolf MOiler, Bjorn Vennstrom and Erwin
Wagner whose contributions were essential in establishing
an international reputation for the Programme. Two new
group leaders interested in mouse development have now
joined us. One of them, Ulrich RUther, uses transgenic mice
as a model to study the function of proto-oncogenes during
embryonic development. The other, Denis Duboule, studies
the role of homeotic genes in the establishment of the body
plan of mice and how these genes interact with each other.
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Mechanisms of haematopoietic cell transformation by avian leukemia viruses

Group leader: T. Graf
Scientists: A. Leutz, S. Ness*
Fellows: J. Frampton*, J. Golay, M. Introna, T. Metz, G.E. Sterneck
Assistants: S. Grieser, A. Marknell

Molecular biology of the v-myb, ets
containing E26 leukemia virus
The v-myb, v-ets containing E26 leukemia virus induces a
mixed acute erythroblastosis/myeloblastosis after infection
of newborn chicks. Infection of bone marrow cells in vitro
results in transformed cells of the erythroid or myeloid
lineages, depending on the culture conditions. The virus
encodes a nuclear 135 kD fusion protein containing both
v-myb and v-ets domains which interacts with DNA and
regulates gene expression. We therefore think that it is an
excellent model to study the mechanism of leukemogenesis
and of haematopoietic differentiation. In particular, we are
interested in the following questions: what is the role of
v-myb and v-ets in cell transformation and leukemogenesis,
and how do v-myb and v-ets interfere with the differentiation
of myeloid and erythroid cells?
The most straightforward way to analyze the contributions
of v-myb and v-ets in cell transformation is to create and
analyze mutants in the two genes. We and others had shown
earlier that inactivation of the v-ets genes eliminates the
virus's potential to transform erythroid cells but not myeloid
cells. Mutants with a defective v-myb gene, however, were
found to exhibit no biological activity at all. This suggested
that, while v-myb is both required and sufficient to transform
myeloid cells, v-ets needs to be expressed in conjunction
with a v-myb gene to transform erythroid cells.
Further insights into the function of the two genes were
obtained from studies with temperature-sensitive (ts) mutants in v-myb and v-ets. These mutants were selected in
a biological assay based on the observation that v-myb
blocks the differentiation of transformed myeloid cells and
that v-ets blocks the differentiation of erythroid cells. We
isolated several mutants which are temperature-sensitive
for the myeloid lineage but not for the erythroid lineage
(8eug et al., 1984). In collaboration with 8. Vennstr6m's
group at the EM8L, one of these viral mutants, ts21 of
E26 virus, has been molecularly cloned and sequenced
(Frykberg et al., 1988). The ts-phenotype is the result of a
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single point mutation in the v-myb oncogene. Interestingly,
the mutation maps in the DNA binding domain, changing
a highly conserved threonine to an arginine. This mutation
also destroys a potential casein kinase II phosphorylation
site.
We were also able to isolate another type of mutant, ts 1.1
E26, which is temperature-sensitive in its ability to block differentiation of transformed erythroid cells but not of myeloid
cells (Golay et al., 1988). Cloning and sequencing of this
mutant revealed that its lesion maps in the conserved 3'-end
of the v-ets gene, leading to a change from a histidine to
an aspartic acid. Unexpectedly, the same point mutation
also changes the phenotype of transformed myeloid cells:
while cells transformed by the wild-type virus correspond
to myeloblasts (precursors of granulocyte/macrophages),
cells transformed by ts1.1 express granules characteristic of promyelocytes, the precursors of neutrophile granulocytes. This "lineage switch" is not a consequence of
the mutant's capacity to transform different target cells
but it rather appears that both the wild-type virus and
ts 1.1 E26 impose characteristic phenotypes of differentiation on myelomonocytic cells. Since v-ets is derived from
a gene encoding a nuclear DNA binding protein it might
participate in myeloid gene regulation directly. It is, however, also possible that its effel-ts are indirect, perhaps
through the modulation of the transcription factor activity of
v-myb.

Molecular cloning of chicken
myelomonocytic growth factor
Myeloid cells transformed by the E26 leukemia virus, as well
as those transformed by viruses which contain other nuclear
oncogenes such as v-myb or v-myc, require haematopoietic
growth factors for their survival and proliferation. Using
these cells we have previously purified and characterized
a mitogenic glycoprotein, induced after lectin stimulation
of spleen cells or after lipopolysaccharide stimulation of a
macrophage cell-line, which we have designated chicken

myelomonocytic growth factor (cMGF) (Leutz et al., 1984;
Leutz et al., 1988). This factor is particularly interesting
since it becomes activated in nuclear oncogene-transformed
myeloid cells following superinfection with viruses containing tyrosine kinase or serinelthreonine kinase-type oncogenes (Adkins et al., 1984; Graf et al., 1986). We have
now molecularly cloned a cDNA with the complete cMGF
coding region and obtained biologically active protein by
expression of the cDNA in prokaryotes (Leutz et al., 1989).
The protein structure exhibits a significant homology to
mouse G-CSF (50%) and to human IL-6 (40%), with four
of its five cysteines being precisely conserved. Whether
a mammalian cMGF exists, which would correspond to
a third member of the G-CSF/IL-6 family, remains to be
determined. Current efforts focus on the cloning of chicken
genomic cMGF sequences with the aim of identifying regulatory regions which play a role during the activation
of the gene through the expression of kinase-type oncogenes.
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Role of nuclear and cytoplasmic oncogenes in the transformation of avian haematopoietic cells
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Assistents: G. Doderlein, C. Waiter-MOiler

In 1988, our group has further concentrated on the question as to what mechanisms are used by growth-factor
receptorltyrosine-kinase oncogenes to transform avian
haematopoietic cells and how such oncogenes cooperate
with the v-erbA oncogene, a mutated thyroid hormone
receptor with the outcome of drastically enhanced leukemogenic potential.

To better understand the contribution of th.e erbB/EGFR
gene to transformation, v-erbB of avian erythroblastosis
virus (AEV) was replaced by a complete human EGFR
cDNA or with C- and/or N-terminally truncated versions
thereof (constructed by A. Ullrich and collaborators, see
Research Report 1987). These recombinant viruses were
then used to infect fibroblasts or erythroblasts in absence
or presence of EGF.

Transforming functions of normal and
mutant epidermal growth factor (EGF)
receptor genes in fibroblasts and
erythroblasts (with K. Khazaie &
B. Vennstrom)

The following results were obtained:

The v-erbB oncogene encodes part of the epidermal growth
factor receptor (EGFR): most of the ligand binding domain
and 73 amino-acids from the carboxy terminus have, however, been deleted. Since this caused deletion of two out
of three tyrosine autophoshorylation sites thought to be important for regulating the phosphotyrosine kinase activity of
the receptor, v-erbB may transform by mediating constitutive
mitogenic signalling.
Besides transforming fibroblasts, v-erbB induces selfrenewal of transformed erythroblasts without completely
blocking their capacity to differentiate into erythrocytes. At
the same time, the cells are rendered independent of erythropoietin (EPO), a haemopoietic growth factor normally
required for both replication and maturation of erythroid
precursor cells. This has led to the suggestion that v-erbB in
erythroblasts, a cell which normally does not express EGF
receptors, replaces the activity of the EPO receptor (Beug
et al., 1985b).
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(1)
(2)

(3)

All EGFR constructs, even those resembling v-erbB,
are unable to cause a fully transformed phenotype;
In presence of EGF, constructs containing an intact ligand binding domain efficiently transformed fibroblasts,
even if all three C-terminal autophosphorylation sites
are lacking;
The unmutated EGF receptor is sufficient to efficiently
transform erythroblasts, if stimulated with ligand. While
truncation of the N-terminus leads to constitutive transformation in the absence of EGF, small C-terminal
deletions seemed to cause changes in substrate specificity of the receptor, while larger deletions abolished
erythroid transformation. For details fo this work, see
report of B. Vennstr6m.

Oncogene cooperativity in erythroid cells:
The v-erbA oncogene of AEV inhibits
erythroid differentiation in the absence of
a primary transforming oncogene (with
M. Hayman (New York) & B. Vennstrom)
in earlier work, (Beug et al., 1985a; Kahn et aI., 1986a &
b) we demonstrated that v-erbA cooperates with oncogenes

inducing self-renewal in infected erythroid progenitor cells by
(a) arresting the spontaneous terminal differentiation occurring in these transformed erythroblasts, and (b) by altering
the rather stringent growth requirements of these cells for
external pH and ionic strength. Using retroviruses containing
v-erbA together with temperature-sensitive mutants of the
v-erbB (or v-sea) oncogene and analysing the differentiation
behaviour of erythroblasts transformed by such viruses at
the non-permissive temperature we could determine the
effects of v-erbA on erythroid differentiation in absence of a
functional primary oncogene. The cells exhibited an aberrant
but largely immature differentiation phenotype, characterized by an erythroblast-like morphology, absence of nuclear
condensation, elevated but low levels of haemoglobin and
continued expression of erythroblast antigens, together with
a low level expression of erythrocyte antigens. In addition,
the differentiation-arrested cells continued to proliferate at a
reduced rate for 5-10 cell divisions, after which they withdrew from the cell cycle and disintegrated. Finally, we found
that the cells, although unable to differentiate terminally at
the non-permissive temperature, still required erythropoietin
for survival and proliferation. These results show that v-erbA
blocks the expression of many, but not all traits characteristic of erythroid cell differentiation.
Mechanism of the v-erbA-induced
differentiation arrest involves an inhibition
of erythrocyte anion transporter and carbonic
anhydrase gene transcription (with D. Engel
(Chicago) & 8. Vennstrom)
The same retroviral constructs were used to study the
effect of the v-erbA oncogene on expression of erythrocytespecific genes. V-erbA was found to selectively inhibit transcription of the erythrocyte anion transporter (Band 3) gene
and led to a strongly reduced expression of the carbonic anhydrase and s-aminolevulinic acid synthase (ALA-S) genes.
In contrast, v-erbA did not grossly alter the expression of
,B-globin, spectrin, band 4.1, ,B-actin and Na+ K+ ATPase.
Run-on transcription experiments confirmed that the effect of
v-erbA on anion transporter and carbonic anhydrase mRNA
expression occurred at the transcriptional level.
Using the finding that the differentiation block caused by
v-erbA could be reversibly overcome by specific medium
conditions (alkaline pH) we could show that v-erbA caused
a transcription arrest of the above genes also in mature erythroid cells. These results suggest that the v-erbA-induced
differentiation block is not caused by a general inhibition
of erythrocyte-specific gene expression, but rather by the
selective suppression of a few genes important for the
formation of normal erythrocytes.
A hormone-binding v-erbA/c-erbA chimeric
gene leads to hormone-dependent activation
of anion transporter and carbonic anhydrase
gene transcription (with B. Vennstrom)
To understand better how v-erbA causes transcriptional
arrest of erythroid genes (not yet known to be direct targets

of the normal thyroid hormone receptor (c-erbA), we constructed chimeric erbA genes containing the DNA-binding
domains of v-erbA together with various portions of the
hormone binding domain of c-erbA, inserted them into
ts-erbBlts-sea containing retrovirus vectors and assayed
the resulting vectors in erythroblasts at 42°C for thyroid
hormone (T3) dependent gene expression. Surprisingly,
addition of T3 to such cells caused them to differentiate
more rapidly and completely than in absence of T3 and
caused a massive upregulation of anion transporter and
carbonic anhydrase gene transcription, as shown by run
on transcription assays. Since carbonic anhydrase (and
to a lesser extent Band 3) were induced in the presence of cycloheximide, suggesting a direct effect of the
erbA protein on gene transcription, we have initiated trials to identify sequences in the 5' region of the avian
carbonic anhydrase II gene that interact with erbA proteins.
Significance of the v-erbA-induced Inhibition
of band 3 expression for erythroblast
transformation (with B. Vennstrom)
Do the observed suppressive effects of v-erbA on erythroid
gene expression playa role in causing the v-erbA induced
phenotype? Two lines of evidence are in favour of this
idea. Firstly, high expression of Band 3 and Ala-S seem to
be a prerequisite for terminal erythroid differentiation, since
the red cell skeleton fails to assemble in the absence of
Band 3 (Woods et al., 1986) while even partial inhibition
of Ala-S in differentiating erythroblasts shuts down globin
synthesis and prevents maturation (Schmidt et al., 1986).
Secondly, expression of both carbonic anhydrase and anion transporter in proliferating erythroblasts are likely to
cause changes in intracellular pH in response to changes
in medium C02/HC03 concentration and might therefore be
toxic to the proliferating cells, unless "balanced" by specific
external ion conditions or suppressed by v-erbA. This idea
was corroborated by the finding that an inhibitor of Band 3
function (DIDS, 4,4'-diisothiocyanostilbene-2,2'-disulfonate)
could partially replace v-erbA in rendering v-erbB erythroblasts capable of growing in standard tissue culture media.
We have initiated the construction and assay of retroviral vectors that would allow expression of either Band 3
or carbonic anhydrase in v-erbA containing erythroblasts
to elucidate how much suppre"sion of these two genes
contributes to the phenotype induced in erythroblasts by
v-erbA.
Cloning of the chicken c-fms proto-oncogene
The c-fms proto-oncogene, which is homologous to the
receptor for the macrophage colony stimulating factor (CSF1), is expressed in human, feline and murine spleen, bonemarrow and liver, probably due to the high percentage
of macrophages in these tissues, and has been molecularly cloned in all three mammalian species (Sherr et
al., 1985). We are interested in identifying and cloning of
the chicken c-fms proto-oncogene for the following reasons:
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(1)

(2)

Results obtained so far with a v-fms-containing avian
retrovirus (see research report 1987) indicate that the
feline v-fms oncogene does not show any transforming
capacity in chicken haematopoietic cells of the myeloid
lineage, although it readily transforms chick fibroblasts
and erythroblasts. To determine whether this unexpected result is due to a different cell lineage pathway
in chickens we decided to clone the avian c-fms gene
and determine its transforming ability (both without and
with suitable mutations).
Although several mammalian haematopoietic growth
factors and receptors have already been identified and
cloned (for review see Dexter, 1984), the only avian
growth factor cloned so far is cMGF, a growth factor specific for the myeloid lineage. In addition, there
are at least two other distinct growth factor activities
specific for myeloid cells that are secreted by chick
fibroblasts (CEF-factor) and transformed pre-T-pre-B
cells (myeloid REV-factor). A potential chicken c-fms
proto-oncogene should show at least some similarities
in the growth-regulation of mammalian and chicken
myeloid cells. Furthermore, one of the putative avian
growth factors (CEF-factor, myeloid REV-factor) might
be the ligand of a chicken c-fms protein.

To determine whether or not a gene with the properties
of a c-fms is expressed in chicken cells, RNA from different avian tissues and transformed avian haematopoietic cells of different maturity was hybridized with a v-fms
probe. As expected, expression of an RNA-species 5 kb in
length could be detected in liver, spleen and bone marrow,
probably due to the high percentage of macrophages in
these tissues. In addition, ts-myb transformed myeloid cells
induced to terminally differentiate by shifting them to the
non-permissive temperature showed an increase in c-fms
RNA expression. These results indicate that this gene, like
c-fms, is expressed highest in mature macrophages.
To clone the putative chicken c-fms gene, a c-DNA library
prepared from temperature-induced ts E26 myeloblasts was
screened at moderate stringency with a probe containing the
conserved kinase region of the v-fms oncogene. Several
c-DNA clones, 1.2-4.3 kb in length, were isolated, which
strongly hybridized with the mammalian probe. The two
largest c-DNA clones (4.3 kb), which were close to the
size for the mRNA determined on the northern blot (5 kb),
were further examined by restriction mapping and sequence
analysis. Sequence analysis showed that one of the 4.3
kb c-DNA clones (1 b) contains the start-ATG at nucleotide
36, which is followed by an open reading frame of 2900
nucleotides coding for a 968 amino-acid polypeptide. The
start-ATG was followed by a signal sequence required for
transfer of the nascent polypeptide chain into the lumen
of the rough endoplasmic reticulum. Following the inframe
TGA stop codon at nucleotide 2936 there is a -1 kb 3'
non-translated region containing a poly-A addition signal.
The organization of the chicken c-fms protein as deduced
from the nucleotide sequence of clone 1b was very similar to
that of the human, murine and viral fms proteins. The protein
can be divided into the external ligand-binding domain, the
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transmembrane domain and the internal kinase-domain. the
overall amino-acid homology between the chicken c-fms
and the three mammalian fms proteins is approx. 67%. All
four proteins are highly conserved in the internal kinase
domain (90% homology), but vary extensively in the external
ligand-binding domain (50-60% homology), with the three
mammalian fms proteins exhibiting the higher homology in
this region.
11 N-linked glycosylation target sites were found within the
predicted 508 residue ligand-binding domain. The aminoacid differences detected upon comparison of the external
ligand-binding domain of the chicken c-fms protein with
the three mammalian proteins are scattered throughout the
region, whereas all four proteins show the same cysteinespacing. The cytoplasmic kinase-domain of the chicken
c-fms is 427 amino-acids long. The chicken c-fms protein shows total homology in the ATP-binding site (GlyXGlyXXGly residue 584-589, Lys residue 611) with the three
mammalian fms proteins, approx. 70% in the insertion in
the kinase domain common to this family of tyrosine kinases
(PDGF-receptor, c-kit, c-fms) and approx. 85% homology in
the core kinase region. The high homology in the insertion,
perhaps representing a binding site for a specific substrate,
is particularly good evidence that we have indeed cloned the
chicken c-fms since both the PDGF-receptor and the c-kit
gene show completely divergent sequences in this region.
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Function of nuclear oncogene products
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Since our group left EMBL in April 1988 this report gives
a brief account of our work initiated at EMBL in 1988 and
continued at the IMT in Marburg.
The nuclear product (c-Fos) of the proto-oncogene c-fos
has been implicated in a variety of biological processes,
including growth control, differentiation and signal transduction in neurons (for details see our previous research
reports). These multiple roles of c-Fos seem to be cell
type-specific and may thus be due to the transregulation of
defined sets of genes in specific cell types. A great number
of results obtained within the last two years has provided
overwhelming evidence that Fos indeed plays a pivotal
role in transcriptional regulation (for a review see Curran
& Franza, 1988). Initiated by the observation that c-Fos is
present in a transcription complex bound to the promoter of
the gene encoding the adipocyte protein-2 (aP2) it could be
demonstrated that the Fos protein complex binds to the DNA
recognition sequence (TRE) the transcription factor AP1.
AP1 had previously been identified as a factor binding to
the SV40 early promoter region and by the fact that it can
be induced by the tumour promoter TPA. Interestingly, a
major component of AP1 is highly related to and probably
identical with the product of the proto-oncogene c-jun pointing to a direct link between the two nuclear proto-oncogene
products. In addition, it is now clear that the Fos associated
protein p39, previously detected by virtue of its coprecipitation by Fos antibodies, is identical with AP1. It could also be
shown that Fos can transactivate AP1-dependent transcription in transient assays where Fos expression vectors were
cotransferred with a chimaeric TRE-HSVtK promoter-CAT
construct into 3T3, HeLa or F9 cells. In addition, Fos can
transrepress certain promoters such as those of the c-fos
and HSP70 genes, but the mechanism of transrepression is
unclear.
As a first step to elucidate the significance of the complex
formation between Fos and Jun for the induction of neoplastic transformation we have mapped the Jun binding site
in Fos protein. The region identified contains a sequence
motif recently reported to be present in various nuclear
48

oncogene products and transcription factors like Myc, Fos,
Jun, C/EBP and GCN4 (Jones et al., 1988). This motif
contains 4-5 leucines at every 7th position which, in an
idealized a-helix, extend from one side of the helix and may
thus interdigitate with leucine side chains extending from the
helix of another polypeptide. Substitution of singly or multiple
leucine residues or the alteration of leucine phasing by
insertion of additional amino-acids reduced or abolished the
binding to Jun, while the substitution of other amino-acids
had no noticeable effect. These results strongly suggest that
the formation of a "leucine zipper" mediates the interaction
between Fos and Jun. We could also show that the differential binding of the various Fos mutants correlates with their
potential to transactivate AP1-dependent transcription and
to induce morphological transformation suggesting that the
interaction of Fos with transcription factors such as AP1/Jun
plays a crucial role in the induction of transformation.
We could also show that another region in Fos which is
located directly adjacent to the leucine repeat is required
for the formation of a stable complex of Fos/Jun with the
TRE. We identified this region as a DNA binding site in
Fos: specific amino-acid substitutions in this basic region
abolished the interaction of Fos/Jun with DNA but not the
association of the two proteins. The functionally crucial
amino-acids lie within a region tt.dt is conserved between
Fos and Jun and shows a significant homology to the DNA
binding site in GCN4. We suggest that the basic a-helical
region in Fos directly interacts with the AP1 DNA recognition
sequence. This conclusion is conceivable because of the
symmetrical nature of the AP1 DNA recognition sequence:
similar amino-acid sequences in Fos and Jun would thus
interact with similar DNA sequences. Our model thus implies that Fos and Jun form a protein complex via the
"leucine zipper" where each constituent interacts with one
half site of the palindromic DNA sequence. Alone, either
of the two proteins does not bind or binds with low affinity
indicating that their cooperative binding is required to form
a stable transcription complex. A final evaluation of the
Fos/Jun/DNA complex will, however, require the analysis
of a large panel of point-mutated Fos and Jun protein as

well as the performance of UV crosslinking experiments.
The available data nevertheless strongly suggest that the
Fos/Jun/DNA interaction represents a new mechanism of
sequence-specific DNA binding.
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Cloning and characterization of a Trypanosoma cruzi-specific gene
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Trypanosoma cruzi is the ethiological agent of Chagas'
disease, a major endemic disease in South and Central
America where some 20 million individuals display seropositivity for this protozoan and 100 million individuals are
considered at risk of infection. Chagas' disease results in a
severe morbidity of infected patients with a broad spectrum
of symptoms. There is no vaccine or safe therapy and even
a rapid diagnosis of the disease poses problems caused
by the cross-reactivity between T.cruzi and other parasites'
antigens. We have therefore decided to focus our attention
on the characterization of T.cruzi-specific genes and their
products in view of their potential use in the diagnosis orland
the chemotherapy of Chagas' disease.
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An antiserum produced by immunization of a rabbit with
an extract of T.cruzi proteins affinity purified by 2',5'-ADPsepharose chromatography was used as probe for screening a ,\ gt 11 T.cruzi cDNA library. Several positive clones
have been isolated and aliquots of the rabbit antiserum
were affinity purified with the respective fusion proteins.
One sample of such purified antibodies recognized a native 50 kD T.cruzi-specific protein. The DNA of the recombinant phage used for serum purification was characterized by sequencing. Southern and Northern blot analyses confirmed that the clone contained a T.cruzi-specific
gene.

The v-erbA and v-erb8 oncogenes and their cellular homologues

Group leader: B. Vennstrom
Fellows: A. Johnsson*, K. Khazaie, A. Munoz*, J. Sap
Visitor: S. Fuerstenberg*
Assistants: K. Nordstrom, C. Raynochek

We are studying the transforming properties of retroviral
oncogenes and their cellular counterparts, with the goal
of understanding the mechanisms of activation of protooncogenes. We have concentrated on the activities of the
erbA and erbB oncogenes of the avian erythroblastosis
virus (AEV), a virus that transforms both fibroblasts and
erythroblasts.
The erbS gene
The v-erbB oncogene of avian erythroblastosis virus (AEV)
represents a mutated version of the receptor for EGF
(EGFr), in which most of the ligand binding domain and 73
amino-acids from the carboxy terminus have been deleted.
As a consequence, the v-erbB protein mediates constitutive
mitogenic signalling. To understand better the contribution
of the erbBIEGFr gene to transformation, v-erbB of AEV
was replaced by a complete human EGFr cDNA or with
truncations thereof constructed by A. Ullrich and collaborators. These constructs were made with and without active
v-erbA genes. The results of transformation experiments,
obtained in collaboration with Hartmut Beug, demonstrated
that the various EGFr genes except those that lack all the
autophosphorylation sites transform erythroblasts in vitro.
However, without an active v-erbA gene transformation by
EGF-binding receptor genes was achieved only in the presence of ligand. This allowed us to investigate the mitogenic
activity by EGF and compare this with that of erythropoietin
in erythroblasts. The results showed that erythroblasts transformed by the complete EGFr could be stimulated to grow by
EGF but, unlike v-erbB from wt AEV, was unable to support
spontaneous differentiation, even at low concentrations of
hormone. In contrast, EGF receptors that lack two of the
C-terminal autophosphorylation sites allowed the cells to
mature. This supports the idea that the C-terminal domain
confers substrate specificity to the EGFr, lost or diminished
in the truncated versions. These mutant receptors would
therefore, due to reduced specificity, be able to act upon
pathways normally recognized by the EPO receptor. Testing
the fibroblast transforming capacity of the various EGFr

genes revealed that none of them was as efficient as v-erbB.
However, all of them were able to induce some anchorage
independent growth although genes encoding ligand binding
domains became more efficient in the presence of EGF,
and truncation of extracellular and C-terminal regions further enhanced the transforming effect. This suggests that
these alterations increase the transforming effect, and that
point mutations, present in v-erbB but absent in the EGFr
constructs, further potentiate the transforming capacity.
The chicken c-erbS gene and its protein product
To be able to compare the normal function of the c-erbB
gene with those of the v-erbB genes we isolated a complete
cDNA for chicken c-erbB. Nucleotide sequence analysis,
done in collaboration with D. Givol, J. Schlessinger & colleagues, revealed that the homology to the human receptor
is 73% in the ligand binding domain and 97% in the tyrosine
kinase region. The avian receptor bound mammalian EGF
with an affinity E1 00 x lower than the human receptor.
However, human transforming growth factor a (TGF-a)
binds equally or even better to the chick EGFr than to
the human EGFr counterpart. Moreover, TGF-a stimulates
DNA synthesis at 100-fold lower concentrations than EGF
in mouse and chicken cells expr!:lssing the avian receptor.
The differential binding and potency of mammalian EGF
and TGF-a by the avian c-erbB protein contrasts with the
behaviour of the mammalian EGF receptor which binds
the two growth factors with similar affinities. It is therefore
possible that during evolution TGF-a is the original ligand
for the EGFr and that EGF developed later.
The erbA gene
The v-erbA gene is the second oncogene in AEV. It has
been shown to block the differentiation of chick erythroid
cells and to increase the tolerance of these cells to various
growth media (see report by H. Beug). We showed previously that the c-erbA protein is a receptor for thyroid hor51

manes (T3, T4) and that it is distantly related to receptors for
steroid hormones. Moreover, the v-erbA protein is defective
in binding ligand. This suggested that the v-erbA protein acts
as a hormone-independent transcription factor negatively or
positively regulating genes, whose expression might playa
role during differentiation and growth of erythroid precursor
cells. To probe this hypothesis we constructed chimeric
genes between v-erbA and c-erbA and studied their effects
on transcription of erythroid-specific gene expression. The
results have shown that v-erbA specifically represses expression of the genes for band 3, the major anion transporter
of erythroid cells as well as carbonic anhydrase. We have
further cloned and sequenced cDNAs for the chicken band
3 gene to answer the question whether the repression of
band 3 expression correlates with the biological effects of
v-erbA in erythroblasts.
To determine the capacity of the chicken c-erbA gene
product in regulating expression of known thyroid hormone
responsive genes, both the c-erbA and v-erbA genes were
expressed in FAO cells, a rat hepatoma cell-line defective for functional thyroid hormone receptors. The results
showed that these cells specifically bind radiolabelled thyroid hormone (T3) in their nuclei when expressing the c-erbA
protein. They also became responsive to thyroid hormone
as detected by expression of a number of genes (malic
enzyme, phosphoenolpyruvate carboxykinase and Na+ IK+ATPase) reported to be induced by the hormone in vivo. Finally, the c-erbA product was found to activate the Moloney
murine leukemia virus promoter (LTR) in a ligand dependent
manner. These data provide definitive evidence that the
chicken c-erbA product acts as a functional thyroid hormone
receptor.
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Gene regulation in mammalian development and differentiation
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The aim of our research programme is to analyse the
regulation and function of genes which may operate in stem
cell differentiation and development. For these studies the
method of gene transfer is used in three developmental
systems:

(1)

(2)

(3)

Transgenic mice are produced by introducing recombinant genes into the germ line of mice by microinjection
of DNA into fertilized eggs or by infection of early
embryos with retroviral vectors.
A complementary approach uses embryonic stem (ES)
cells as target cells for gene transfer by retroviral
infection or DNA transfection. Genetically altered ES
cells can be introduced into mouse embryos allowing
analysis of the consequences of foreign gene expression in vivo in chimaeras and their transgenic offspring.
We are also using haemopoietic stem cells for gene
transfer again exploiting retroviral vectors for the infection of murine bone marrow cells. The specific goals
of these approaches are to analyse the developmental
and cell-type-specific gene expression in vivo, to assay the function of growth control genes (oncogenes)
in mammalian differentiation and' development and to
study the molecular events leading to tumour formation.

Studies to analyse the function of

c-tos in development

We have continued our efforts to study the function of the
proto-oncogene c-fos in vivo by analysing a number of
transgenic mouse lines, which carry different c-fos gene
constructs in their germ line. We have found a correlation between the phenotype and the type of construct expressed in
transgenic mice. Despite high expression in various organs,
transgenic mice with constructs having the 3' noncoding part
of the c-fos gene replaced by the FBJ-murine sarcoma virus
long terminal repeat (LTR) exclusively exhibit hyperplasia
of bones which can progress to bone tumours. This result
is independent of the promoter chosen. C-fos expression

from constructs without the 3' LTR replacement influences
either thymus development or has no effect at all although
high levels of c-fos mRNA expression is found in several
tissues. In these mice we have never observed the formation
of tumours. Currently we are investigating the target cell of
c-Ios action in the thymus and bone by in situ hybridization
studies (Plate 13) and in collaboration with Jorg Schmidt
(GSF, MOnchen) and Dymitr Komitowski (DKFZ, Heidelberg) we are characterizing the biological properties and
histopathological changes of the affected bone tissue. In
these transgenic mouse studies we have defined the c-Ios
proto-oncogene as a regulatory gene apparently playing a
key role in bone and thymus development.
The function of c-fos in normal development can possibly
be studied by analysing mice without endogenous c-Ios
expression. Therefore, we have started to inactivate the
c-fos gene via homologous recombination in ES cells. The
ES cell lines with one inactivated c-Ios allele will be used to
generate los negative mouse lines through the production
of chimeric mice.

Gene expression in transgenic mice
obtained by micro injection of DNA
To analyse the tissue-specific expression of inducible liver
genes we have generated several mouse lines with different
gene constructs. In collaboration with Riccardo Cortese's
group (EMBL) we could show that the human Q1-acid
glycoprotein gene (AGP) cluster is properly regulated in
transgenic mice but not in tissue culture. Currently we are
analysing new transgenic mouse lines harboring promotor
fragments of the AGP gene linked to a reporter gene to
define better the sequences responsible for the tissuespecific and inducible expression of AGP. With the same
intention we have continued our collaboration with Gennaro
Ciliberto (Naples) to investigate the molecular mechanism of
the highly inducible expression of the human liver-specific
C-reactive protein gene (CRP) in mice. Although we have
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PLATE 13
In situ hybridization of a transgenic c-fos expressing day 17 embryo.
(A) bright field; (8) dark field. Highest expression seen in brain,
spinal ganglia and muscle.

constructed and tested a 2.8 kb CRP promoter fragment
fused to three different reporter genes, we were so far
unable to detect any expression of these constructs in
transgenic mice.
In another set of transgenic mouse experiments we were
interested in functional aspects of certain gene products. First, in collaboration with Sune Kvist's group (Lausanne/Stockholm) we have analysed the functional polymorphism of MHC class I antigens as restriction elements.
Therefore, a chimeric H-2Kd/Kk gene, containing only the
Ql domain of Kd and the rest of Kk origin, was introduced
into C3H/He mice (H-2Kk). We could show that the chimeric
H-2 molecule could condition transgenic cytotoxic T-cells in
a specific manner and function as a restriction element.
Second, in collaboration with Klaus Rajewsky's group (K6In)
we have asked for the function of membrane-bound immunoglobulin proteins in B cell development. Different constructs expressing either the membrane-bound or secreted
form of the immunoglobulin heavy-chain (Ig) with or without
the light chain gene have been analysed in transgenic mice.
In every mouse line expressing the membrane-bound Ig
form, early B cell development is blocked in bone marrow.
Although less than 5% of splenic B cells are present the
antibody titer in the sera seems, however, to be normal.
Currently this phenomena is analysed in more detail with the
aim of understanding the regulation of B-cell differentiation.
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Identification of mouse mutants generated
by insertional mutagenesis
To identify new genes with important functions in development we have screened our transgenic mouse lines for
phenotypes caused by dominant or recessive mutations due
to the integration of the transgene. So far we have detected
two mutants, both affect finger development and a third
mutant in which early development seems to be blocked.
One of the finger mutations is dominant, the two others are
only seen in homozygous animals. Presently we are in the
process of cloning the integration sites of the transgenes
to isolate the affected
which will then be used as
gene(s).
Gene expression in transgenic mice
obtained by Infection of pre implantation
embryos with retroviral vectors
We have continued to investigate the potential of retroviral
vectors to express genes in transgenic mice. Previously
we have shown that several transgenic lines obtained by
infection of embryos with a vector, which contains the
neomycin resistance gene (neo) linked to the TK promoter
and a v-myc gene expressible from the 5' LTR, express the
neo gene efficiently. As a consequence of these results a
number of retroviral vectors were constructed all of which

PLATE 14
Properties of totipotent embryonic stem cells grown in recombinant
LlF. ES cells were grown in media containing purified recombinant
LlF (A) or in normal culture media (8). The compact stem cell
colonies (A) can be easily distinguished from the diffuse differenti-

ated colonies (8). ES cells maintained in LlF containing media for
16 passages were injected into blastocysts derived from ICR albino
mice. The resulting mice (C) display different degrees of chimaerism
due to the presence of pigmented ES derived cells.

contain an internal TK promoter which is being used to
express viral oncogenes such as polyoma middle T antigen, v-src and v-fos. No transgenic strains were obtained
with the vectors expressing middle T or v-src presumably
due to the expression of these genes being incompatible
with normal development. In contrast transgenic mice were
obtained which carried the v-fos vector but the transgene
was expressed very poorly. We are currently designing new
vectors for efficient expression and we are also planning
to use these viruses in an attempt to immortalize particular
cell types. Initially, in collaboration with Jacky Trotter from
M. Schachner's group (Heidelberg) we have used a v-src
containing retrovirus for infection of murine brain cells and
were able to obtain and characterize immortalized glial
cells. In addition, we are testing whether a tissue-specific
promoter such as the insulin promoter may function correctly
in the context of a retroviral vector in transgenic mice.

introducing new genetic information into mice. We are also
exploiting this system to study the effect of various growth
control genes on stem cell differentiation in vitro as well as
on growth control and differentiation in early embryos in vivo.

Studies using mouse embryonic stem cells
We have continued our investigations into the use of embryonal carcinoma (EC) and ES cells as an alternative route for

The maintenance of ES cells in vitro requires the presence
of a soluble factor produced by a variety of feeder cells. In
one series of experiments in colk::boration with Nick Gough
(Melbourne) we have shown that a haemopoietic regulator,
myeloid leukaemia-inhibitory factor (LlF), a molecule which
induces macrophage differentiation in M1 leukaemic cells,
can substitute for feeder cells in preventing the spontaneous
differentiation of ES cells in vitro (Plate 14). Furthermore, ES
cells cultured in LlF for up to 22 passages retain the ability
to form germ-line chimaeras.
In a separate series of experiments studying the c-srcfamily
of tyrosine kinases we have shown that ES cells which
express polyoma middle T antigen (which can modulate
the tyrosine kinase activity of pp60 c-src) did not differentiate
spontaneously, however, these ES cells can differentiate
following injection into blastocysts. Studies are currently
under way to determine the mechanism by which both
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LlF and middle T antigen can influence the growth and
regulatory pathways of ES cells in vitro.
To study the consequences of modulating tyrosine kinase
activity in vivo, EC and ES cells expressing middle T antigen
or src mutants were isolated and further characterized.
Initially, we studied the effects of v-src expression on the
differentiation of EC cells and found that high v-src expression in F9 and PC13 cells did not disrupt their differentiation
potential, whereas P19 cells expressing v-src had a "differentiated" morphology. These latter cells were unable to
respond to signals that normally induce differentiation along
the neural or muscle pathways. We are now testing the
consequences of v-src expression on development in chimaeras obtained from the v-src expressing ES cell clones.
Several ES cell clones expressing polyoma middle T antigen have been isolated and used to generate chimaeras,
which were found to be specifically arrested in development
at midgestation. The abnormal embryos displayed extensive disruption of the blood vessels due to the appearance of multiple cavernous haemangiomas. To investigate
the mechanism of haemangioma formation, endothelioma
cell lines expressing the middle T antigen were derived
from these tumours. In collaboration with Werner Risau
(MOnchen) we have shown that when these cells were
injected into mice or chicken and quail embryos they induced haemangiomas within 1-4 days. Histological analysis
indicated that the majority of the endothelial cells in the
haemangiomas were derived from the host tissues. These
results suggest that the endothelioma cells produce factor(s)
which stimulates haemangioma formation in vivo.

Gene transfer Into bone marrow cells
with retrovlral vectors
The genetic manipulation of the haemopoietic system with
retroviral vectors provides an opportunity to analyse the
expression and function of genes in a well-characterized
differentiation system that can also be manipulated both in
vitro and in vivo. In the past 3 years we have established
in collaboration with Gordon Keller from the Basel Institute
for Immunology an efficient protocol for the introduction and
expression of genes in murine bone marrow cells using
retroviral vectors. These experiments allowed us to use the
integration site as a linkage marker and we were also able
to demonstrate that stable expression of the neD gene from
the viral LTR promoter can be found in mice that were
reconstituted for over one year.
The experiments with the selectable neD gene were the
basis for studies using recombinant viruses which carry
growth control genes such as the v-src or the human EGF
receptor HERc gene in addition to the neD gene. In one
set of experiments using a vector with the v-src gene,
efficient expression was found in all haemopoietic organs
of bone marrow reconstituted mice. An increased number
of myeloid precursors was found in the in vivo colony
assay suggesting that the expression of the src gene can
alter the pattern of differentiation of the infected precursors.
Several src expressing animals develop a myeloproliferative
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disease characterized by splenomegaly, increased numbers
of haemopoietic precursors in the spleen and peripheral
blood and severe anaem ia.
In a different set of experiments the HERc vector was
introduced into primary mouse bone marrow cells which
normally do not express EGF receptors. Cultivation of infected and selected bone marrow cells led to the outgrowth
of IL-3 dependent myeloid cells, which efficiently expressed
the HERc gene. Addition of EGF stimulated growth and
DNA synthesis of these cells even under IL-3 saturation
conditions (Plate 15). However, EGF was not sufficient to
replace the requirement for IL-3. Currently the HERc vector
and variations of the EGF receptor molecule are being introduced into mice to study the effect of receptor expression
on the proliferation of haemopoietic cells. This approach
provides a tool for defining the role of individual genes in the
differentiation of multipotent stem cells and may eventually
serve as a basis for future gene therapy protocols.
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PLATE 15
EGF stimulates the proliferation of IL-3 dependent primary bone
marrow cells, which express the human EGF-receptor (HERc). N2,
control cells which express only the neD genes are not affected.
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Cell proliferation and growth factors in mammalian cells
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The aim of the group is to identify genes and their products that are preferentially expressed in growing cells or
specifically induced by growth factors. During the year we
have concentrated our efforts on the characterization of a
collection of cDNA clones that we have shown to represent
mRNAs specifically induced by serum growth factors in
quiescent mouse 3T3 cells. Some of these will be discussed
in detail below.

Genes encoding transcription factors
Several genes coding for proteins containing a DNA binding
motif have been characterized. The most recent ones will be
described.
FosS
(with M. Schuermann & R. MOiler)
The nucleotide sequence of the clone AC 113 revealed that
it encodes a 338 residue protein with a relative molecular
weight of 40,000. Comparison of the nucleotide sequence of
AC113 with that of c-fos showed that it has a 70% similarity
in the conserved region essential for transformation; in this
region 65 of 82 amino-acids are identical, therefore, we have
named the gene fos B.
Northern blot analysis showed that fos B is a 5.1 kb
molecule present in serum stimulated cells but undetectable
in quiescent cells. A significant increase in its expression
can be detected 30 min after serum stimulation reaching
a maximum at 1 h and decreasing to undetectable levels
1 h later. Transcriptional analysis revealed a dramatic but
transient increase in transcription, reaching a maximum
within 15 min after serum induction and decreasing to basal
levels within 2 h. The estimated half-life of fos B mRNA
is approximately 10-15 min, and it can be prolonged at
least 5-fold in the presence of protein synthesis inhibitors.
Studies with purified growth factors demonstrate that fos
B mRNA is efficiently induced by platelet derived growth
factor (PDGF) and at a moderate level by bombesin. Insulin
and epidermal growth factor (EGF) are very weak inducers.
No fos B mRNA expression has been detected in adult
tissues, suggesting that it could be restricted to very specific
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cell types, or expressed only under specific physiological
conditions. Immunofluorescence studies on COS 1 cells
transfected with a vector containing the complete fos B
coding region under the control of the SV40 late promoter,
clearly show that fos B protein is localized in the nucleus.

c-jun

(with S. Hirai & M. Yaniv)

The nucleotide sequence of the cDNA clone of AH119
encodes for a 334 amino-acid polypeptide with a predicted
molecular weight of 36,000. The deduced amino-acid sequence of AH119 is very similar to v-jun protein (Maki et a/.,
1987), except for the three regions that are absent in the
viral protein. Comparison of AH119 protein with the human
c-jun (Angel et a/., 1988) revealed that the overall similarity
is 98% demonstrating that AH119 corresponds to the mouse
c-jun. The level of c-jun mRNA is very low in quiescent cells
and a dramatic increase is observed 30 min after growth
stimulation. The mRNA levels reach a peak at 1 h and slowly
decrease after 4 h, remaining at low levels for at least 8 h.
Bombesin, EGF, and insulin are weak inducers, but PDGF
is stronger than serum. The half-life of c-jun mRNA is approximately 10-15 min and, as observed, for other unstable
mRNAs, its half-life is prolonged at least 5-10 fold in the
presence of cycloheximide. Nuclear run-on analyses have
shown that the changes in c-jun mRNA levels observed
after stimulation are due to a rapid activation of the gene.
c-jun transcript is expressed at Imy levels in all adult tissues
studied. A jun-related clone, jun B, (Ryder et a/., 1988)
whose expression is rapidly activated by growth factors in
fibroblasts is also present in our collection. Its kinetics of
induction are very similar to that of c-jun. These molecules
present high similarity in the region corresponding to the
DNA binding domain.

Steroid hormone receptor
The nucleotide sequence of the cDNA clone N10 encodes
for a 601 amino-acid polypeptide with a predicted molecular weight of 65,000. The deduced amino-acid sequence
of N10 was found to share significant homology with the
superfamily of steroid and thyroid hormone receptors. The

most notable homology was in the region corresponding
to the DNA binding fingers, each probably coordinated by
a zinc ion. This domain contains 20 amino-acids, including 9 cysteines that are present in all members of these
superfamilies. N10 contains all these residues in identical
positions, presenting a 46-56% overall identity in this region.
Immunofluorescence studies on COS 1 cells transfected
with a vector containing the complete N10 coding region
under the control of the SV40 late promoter showed that
N10 protein is localized in the nucleus. The level of N10
mRNA is undetectable in quiescent cells presenting a rapid
increase 10 min after stimulation. The mRNA levels reach
a maximum at 30 min, decreasing to very low levels at
2 h. Nuclear run-on experiments demonstrated that the
expression of the gene is rapidly but transiently activated.
The estimated half-life of N10 mRNA is also short, 10-15
min, and is also prolonged 5-10 fold by protein synthesis
inhibitors. All mitogens studied so far, including EGF, PDGF,
FGF, bombesin and TPA efficiently induce N10 mRNA in
quiescent cells.

Finger proteins
There are two other putative transcription factors that have
been identified in collaboration with Patrick Charnay's group
(see his report), Krox-20 and Krox-24, which represent zinc
finger proteins. Considering all the identified genes that are
responsive to growth factors at least 8 putative transcription
factors, i.e. c-myc, c-fos, fos B, c-jun, jun B, Krox-20,
Krox-24 and N10 are coordinately induced during the Go
to G 1 transition.

Genes encoding secretory molecules
Four genes encoding secreted proteins have been identified
so far in our collection. One of these will be described in
detail below.
NS1

The mRNA is a 1.1 kb molecule that is rapidly induced by
serum, PDGF, and bombesin reaching a peak at 2 hand
decreasing to very low levels at 8 h. In contrast, EGF, FGF,
and TPA have only a marginal effect on N51 mRNA expression. Addition of serum in the presence of cycloheximide to
quiescent cells prevents the decrease of N51 mRNA levels
as in the other cases mentioned above. The mRNA is also
of short-level, 10-15 min. No expression of N51 mRNA has
been detected in tissues, suggesting that it must be restricted to few cell types or that it is expressed under special
circumstances. From several embryonic and transformed
cell-lines only src transformed fibroblasts expressed N51
mRNA at significant levels. The clone N51 encodes for a
96 amino-acid polypeptide, containing a predicted cleavable
signal sequence. We have demonstrated by in vitro and in
vivo studies that N51 encodes for a precursor of a secreted
protein of 8 kD and that it is not glycosylated. The aminoacid sequence of N51 presents a strong homology (91%)
to gro, a gene constitutively expressed in tumorigenic cells
from Chinese hamster and human origin (Anisowicz et al.,
1987). Melanoma growth stimulating activity (MGSA), which
has mitogenic potential in several cell types, is identical to

gro (Richmond et a/., 1988). These results suggest that
the product of N51 may be involved in an autocrine and
paracrine system.

Genes coding for cytoskeletal-matrix proteins
We have identified six components interacting with the cytoskeleton and extracellular matrix which are rapidly induced
by growth factors in quiescent cells.
V101

The complete sequence of V101 reveals that it encodes
a 201 amino-acid polypeptide not related to any previously
described protein. Its 1.2 kb mRNA is absent in resting cells,
but a significant increase is detected 1 h after induction,
reaching a maximum at 8 h and declining slowly to low levels
after 24 h. In contrast to the other mRNAs described above,
this molecule has a relatively long half-life of approximately
4 h. Polyclonal antibodies raised against the V101 protein
(p27) reveal by double immunofluorescence that p27 colocalizes with actin filaments (Santaren et al., 1987). This
suggests that p27 is a new putative actin associated protein.
Other genes
Actin, tropomyosin, fibronectin and the a and ,B-subunits of
fibronectin receptor (clones B2, V58, TI1, AC33, and P38
respectively) are also induced by growth factors in quiescent
3T3 cells. All five mRNAs show an increase 30 min after
stimulation and remain high for at least 8 h. The half-lives
of these mRNAs were found to be very long, similar to Vl 01,
in contrast to that of other growth factor inducible genes. An
increase in transcription was observed in all five genes.

Fos and Jun proteins cooperate
in binding to AP-1 recognition sites
The similar kinetics of induction of c-fos, fos B, c-jun and jun
B together with the recently established interaction between
c-fos and c-jun proteins (Rauscher et al., 1988) raised the
possibility that, in general, members of the FOS family could
specifically interact with members of the JUN family.
To address this question, we performed binding studies
between in vitro synthesized c-fos, fos B, c-jun and jun B
proteins as well as combinations of them and a 32P-labelled
AP-1 binding consensus sequence or TRE (TPA response
element) oligodeoxynucleotide. No gel retarded band is
seen with any of the in vitro synthesized proteins on their
own under the experimental conditions that we normally
use, however, combinations of c-fos or fos B proteins with
c-jun or jun B proteins clearly show a major retarded band.
Binding is markedly reduced by increasing the ionic strength
(>0.3 M) and is specifically competed by addition of excess
of unlabelled AP-1 oligodeoxynucleotide. Under different
conditions in vitro synthesized c-jun and jun B can bind to
the AP-1 consensus sequence, but with much less affinity
than when complexed with c-fos or fos B. The addition of
anti c-jun, c-fos or fos B antibodies specifically interferes
in the gel retardation assay. Quantitative analyses showed
that the c-junlc-fos and c-junlfos B complexes are 30-fold
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more efficient in binding than c-jun alone. Similar results
were observed with jun 8. The off-rate of the c-junlfos 8
complex was determined by incubating the proteins with
32p_AP_1 oligonucleotide for 15 min and then adding 100fold excess of the unlabelled oligonucleotide. Samples were
taken at different times and immediately loaded on a nondenaturing gel. The sample corresponding to the shortest
time analysed, 1 min after the addition of the unlabelled
oligonucleotide, yielded no detectable bandshift suggesting
that the association of the c-junlfos 8 complex to its binding
site is transient.
Two different experiments support the idea that the gel retarded bands are specifically due to the interaction between
the c-jun, jun 8Ic-fos, fos 8 complex and the AP-1 binding
site:
(1)
(2)

the in vitro translated proteins leading to a mobility shift
of the AP-1 oligodeoxynucleotide can be rescued from
the retarded bands;
antisera raised against c-jun, c-fos, fos 8 proteins but
not control pre-immune serum interfere in the generation of the gel retarded bands when incubated with the
corresponding mixtures of in vitro translated proteins
and the labelled DNA fragment.

These results suggest that both c-fos and fos 8 protein are
able to interact with the c-jun or jun 8 products leading to a
complex with a high affinity for the AP-1 binding consensus
sequence.
To determine whether the interaction between c-jun or jun
8 and c-fos or fos 8 can occur in the absence of the
target binding sequence, we performed immunoprecipitation
studies either on single c-jun, c-fos and fos 8 proteins or on
combinations of them. The results clearly show that the antic-jun, anti-c-fos and anti-fos 8 antisera immunoprecipitate
only their specific antigens while control pre-immune serum
is completely inactive. However, if a mixture of antibodies
are used containing c-jun and c-fos or c-jun and fos 8 proteins, both proteins are invariably co-immunoprecipitated,
suggesting that they efficiently interact with each other in
the absence of a DNA binding site.
These results suggest that multiple interactions between
members of the FOS and JUN families are likely to occur in
vivo. The formation of these different complexes and their
ratio will be greatly governed by the affinity between the
different components and their relative concentrations.
Although all these different complexes bind the same DNA
sequence in the gel retardation assay, it is conceivable that
they could specifically interact with distinct target genes.
The specificity of this interaction could be generated by
sequence heterogeneity of the DNA binding site and its
flanking sequences. Alternatively, the specificity might vary
through interaction with other transcription factors. Multiple interactions between a limited number of transactive
molecules could therefore result in a fine regulation of
expression of several target genes in the course of growth
stimulation or during other biological events.
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Molecular mechanisms of eukaryotic gene regulation
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The nature of the molecular mechanisms involved in the
specificity of gene expression constitutes one of the challenging questions of cell differentiation and development.
The mechanisms responsible for the specificity of gene
transcription are particularly interesting, since this process
has emerged as a major regulatory step in gene expression. Transcriptional control is based on the existence of
regulatory proteins which are able to bind to specific DNA
sequences located close to or within the gene and subsequently to modulate the frequency of transcription initiation.
In recent years, it has become apparent that the part of
the regulatory protein involved in DNA recognition, the DNA
binding-domain, has been strongly conserved during the
course of evolution and belongs to a few classes of highly
related structures. This conservation of the DNA-binding
domain is of great practical importance, since it allows the
isolation of new regulatory genes simply on the basis of
nucleotide sequence similarity.
Characterization of a mouse multigene
family encoding zinc finger motifs
The identification of one of the classes of eukaryotic DNAbinding proteins has emerged from the analysis of TFIIIA,
a Xenopus laevis transcription factor. Determination of the
amino-acid sequence revealed the existence of imperfect
tandem repeats of approximately 30 residues containing two
invariant cysteines and histidines (Brown et al., 1985; Miller
et al., 1985). It was proposed that each of these units folded
as an independent domain centered on a zinc ion and was
able to interact with about five nucleotides of the DNA target
site. These domains have been referred to as "zinc fingers".
Such domains were later found to be encoded by KrDppel
(Kr), a Drosophila gene involved in segmentation control
(Rosenberg et al., 1986).
With the aim of isolating mammalian regulatory genes which
might playa role like Kr in development and morphogenesis,
we used a probe derived from the region of the Kr gene
encoding the zinc fingers to screen a mouse genomic library
in low stringency conditions. This led to the isolation of 24
different sequences, corresponding presumably to distinct
genes. Nucleotide sequence analyses of six of these clones

indicated that they encoded zinc fingers. Analysis of the
expression of some of the genes in mouse tissues and in
celis in culture revealed very different patterns, with some
genes being modulated in the course of cell differentiation
or development. Taken together, our data suggest that the
mouse genome contains a large family of evolutionary related genes encoding possible trans-acting factors involved
in various regulatory processes.
Transcription factors potentially involved
in the regulation of cell proliferation
and development (with the groups of
R. Bravo, D.G. Wilkinson & M.-G. Mattei)
We have characterized in greater detail two of these mouse
zinc finger genes which were named Krox-20 and Krox-24.
Krox-20 and Krox-24 appeared to be closely related and
both encoded proteins with three zinc fingers. Furthermore,
the fingers of Krox-20 and Krox-24 were almost identical,
suggesting that the proteins might have the same DNAbinding domain and, therefore, might recognize the same
nucleotide sequence. In addition, the three zinc fingers of
Krox-20 and Krox-24 were quite similar to those of the
transcription factor Sp1. This property, in conjunction with
the nuclear localization of the proteins, reinforced the idea
that Krox-20 and Krox-24 were involved in transcriptional
control.
Krox-20 and Krox-24 share an additional property in that
they both belong to the category of immediate-early genes
which are activated upon serum stimulation of quiescent
fibroblasts in culture. Krox-20 and Krox-24 mRNAs accumulate transiently during the GO/G1 transition. The kinetics with
which these genes are activated closely parallel those of
the proto-oncogene c-fos. Indeed, we have shown that the
same cis- and trans-acting elements, the serum response
element (SRE) and the serum response factor (SRF) respectively, are involved in the transcriptional activation of
c-fos, Krox-20 and Krox-24 during GO/G1 transition. This
suggests that the SRE and its cognate protein, the SRF, play
a major role in the activation of a number of immediate-early
genes and presumably in the transmission of the mitotic
signal.
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Analysis of Krox-20 gene expression during mouse embryogenesis by in situ hybridization revealed that the gene was
active in specific cell types, in the central nervous system
(CNS) and in the peripheral nervous system. In particular,
in the CNS, the gene was expressed around 9.5 days of
development specifically in two non-adjacent neuromeres.
Neuromeres are repeated bulges observed at that stage in
the hindbrain. It has been speculated that they correspond
to a possible metameric organisation of this region of the
CNS. Our observation provides molecular evidence that
neuromeres are segments.
In conclusion, the properties of Krox-20 and Krox-24 are
compatible with a regulatory role, at the transcriptional level,
in the control of both cell proliferation and development of
the early nervous system. We are currently trying to define
the precise functions of the two genes and the DNA targets
of their products.
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We are interested in how phosphorylation of proteins at
tyrosine may control growth, transformation and differentiation. Many tyrosine kinases have been identified; most
are plasma membrane proteins, and many are growth factor
receptors. Many of these kinases have been transduced by
retroviruses, where in mutated forms they can convert the
cell in which they are expressed to a neoplastic phenotype.
We have chosen to investigate the role of tyrosine phosphorylation by studying a subset of tyrosine kinases, known as
the src family.
The prototype of the src family is pp60 c- src , which is predominantly located at the inner surface of the plasma membrane. While the exact function of pp60 c-src is unknown,
it is thought to be important both in differentiation and in
growth control. Thus, it is expressed to high levels, and
with high kinase activity, in certain terminally differentiated
cell types, e.g. neurons, platelets and macrophages, but
it is also expressed at lower levels in all other cell types,
where its function may be growth control. We have in the
past principally studied pp60 c- src in two systems; in normal
fibroblasts and in polyoma virus transformed cells. The
analysis of pp60 c-src in normal cells has given insight into
the regulation of its kinase activity. In particular it is now
clear that at least one important way to down regulate the
kinase activity of pp60 c-src is by tyrosine phosphorylation (at
position 527). Of interest for the future is the identification
and analysis of the tyrosine kinase and phosphotyrosine
phosphatase involved in phosphorylation/dephosporylation
of this site, as well as a clearer understanding of when
and how pp60 C- SfC is activated in normal cells. The study of
polyoma virus transformed cells has shown that the transforming protein of polyoma virus, middle T antigen, forms
a stable complex with pp60c-src, and in so doing, activates
its kinase activity. The formation of this complex appears
to be required for transformation to occur. More recently, a
third protein, p81, has been identified in this complex. This
protein, which is perhaps a lipid kinase (see below), may
be a substrate of pp60c-src in both normal and transformed
cells.

Other members of the src family show a very high degree of
sequence homology to pp60c-src. In particular, all have the
potential to be myristylated at their amino-termini (which in
the case of pp60c-src is required for membrane localization),
all contain a catalytic kinase domain, and all have a tyrosine
residue in an equivalent position at the carboxy terminus to
the tyrosine (527) of pp60 c- src which is involved in regulation
of enzyme activity. The expression of some family members,
like pp60c-src itself, is ubiquitous, while others are restricted
to certain cell types. It is of interest to us to determine
the functional similarities and differences between family
members.
Our work in the last year has focused on two main areas: the p81 protein and lipid kinase activity found in the
pp60c-src:middle T antigen complex, and the identification
and characterization of further members of the src family.

Polyoma virus transformed cells
As outlined above, we have recently shown that a third
protein of molecular weight 81,000 co-immune precipitates
with middle T antigen and pp60c-src . This p81 protein becomes phosphorylated on tyrosir.a residues during in vitro
kinase assays, presumably by pp60c-src. Our previous results showed a correlation between the presence of the p81
protein in immune complexes of pp60c-src and middle T antigen, and our ability to detect phosphatidylinositol (PI) kinase
activity in these same immune complexes, suggesting that
p81 is associated with or perhaps is a PI kinase. Cantley's
group has recently defined at least two distinct PI kinases
(Whitman et al., 1987), type I and type II, which give rise to
distinct products. Whereas the type II kinase catalyses the
production of PI-4-P, the product of the type I kinase was
shown by them to be a novel lipid PI-3-P (Whitman et al.,
1988). We have recently confirmed their observation that
the enzyme associated with pp60c-src and middle T antigen
is a type I PI kinase. Possible functions for this novel lipid
will be discussed below.
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Since p81 becomes phosphorylated by pp60c-src on tyrosine residues, at least in vitro, we speculated that the PI
kinase activity might be positively regulated by tyrosine
phosphorylation. We analysed this in two ways. First, the
effect on PI kinase activity of complete dephosphorylation
was assayed. To do this, immune complexes containing the
three proteins were treated with potato acid phosphatase,
which removes phosphate groups from serine, threonine
and tyrosine, and subsequently assayed for their ability
to phosphorylate both exogenous protein and lipid substrates. While phosphatase treatment reduced the tyrosine
kinase activity of pp60c-src only 2-fold, the PI kinase activity
was almost completely inhibited, strongly suggesting that
phosphorylation regulates PI kinase activity. Since purified
phosphotyrosine-specific phosphatases were not available,
we took a different approach to investigate specifically the
contribution of tyrosine phosphorylation. We manipulated
the level of tyrosine phosphorylation by making cell Iysates
in the presence and absence of the phosphotyrosine phosphatase inhibitor sodium orthovanadate (using conditions
where approximately 75% of phosphotyrosine was lost from
test proteins in the absence of the inhibitor). The middle
T antigen:pp60c-src :p81 complex was then immunoprecipitated from these Iysates and assayed for protein and lipid
kinase activities. Once again, the tyrosine kinase activity
was only marginally affected by the dephosphorylation,
whereas the PI kinase activity was strongly reduced. We
conclude that the PI kinase activity we measure is positively
regulated by tyrosine phosphorylation. Our current model is
that within the complex the pp60c-src kinase is activated,
which leads to a phosphorylation of p81 at tyrosine, which
in turn leads to an increase in type I PI kinase activity.

cells, these observatons are nevertheless consistent with
our in vitro findings. PI-3-P is a rare compound, accounting
for only 0.2% of all inositol lipids, and must therefore be
produced in only minute amounts or with a very rapid rate
of turnover. These possibilities would be consistent with the
hypotheses that PI-3-P acts as a regulator of other enzyme
activities or plays a second messenger function. Kaplan
et al. (1986) reported that polyoma virus transformed cells
showed an increase in turnover in the PI cycle, leading to
the increased production of the soluble second messenger
inositol trisphosphate. We have been unable to reproduce
these results - rather our results show that PI turnover in
general is unchanged in polyoma virus-transformed cells
compared to their normal counterparts. The function of
PI-3-P is therefore an open question. Our future experiments
will analyse inositol metabolites in even greater detail in an
attempt to gain some insight into this issue.

The data which we have accumulated are consistent with
the above model and suggest that the PI kinase activity
is likely to reside in the 81 kD protein. Indeed this conclusion is strengthened by the recent finding (in collaboration with M. Fried, ICRF) of another mutant middle T
antigen which was able to bind to pp60 c-src, but had no
associated p81 and no PI kinase activity. However formal
proof awaits the purification of p81 and subsequent analysis
of any associated enzyme activities. For this reason, we
are currently involved in a purification of the 81 k protein.
Our approach is to raise tumours in rats, using middle T
antigen-transformed fibroblasts as the starting material. This
allows us to generate large quantities of cells, which are
subsequently extracted and fractionated by ion-exchange
and immunoaffinity chromatography. Fractions enriched in
the complex have been used to immunize mice. In this way
we hope to generate antibodies to p81 which we will then
use to analyse its activity, localization and expression in both
normal and transformed cells.

We have therefore begun to analyse the yes and fyn proteins
in more detail, both with regard to their possible interactions
with middle T antigen, and the control of their enzyme
activities. To do this we have first generated specific antibodies against the proteins, using as immunogens peptides
corresponding to defined, unique regions of the two proteins.

We also wish to understand the effects, if any, the presence
of type I PI kinase activity in complex with pp60c-src and
middle T antigen has in vivo. We have therefore recently
begun an analysis of inositol metabolism in middle T transformed cells (in collaboration with M. Hanley, MRC Molecular Neurobiology Unit, Cambridge). Although we found only
modest
increases in the levels of the type I PI
kinase product, PI-3-P, in transformed compared to normal
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Interaction of middle T antigen with other proteins
Since some mutants of middle T antigen are able to form a
complex with pp60 c-src and p81, yet are unable to transform,
it is likely that other interactions of middle T with the cell are
also required. Indeed it has been shown that in chicken cells,
middle T is also able to bind to another src family member,
the c-yes encoded kinase (Kornbluth et al., 1987). This
raises the possibility that middle T antigen can interact with
many members of this family, and that these interactions
could be important in transformation. The expression of
most members of the src family is restricted, and only three
are thought to be expressed in the cells which we use
(fibroblasts), src, yes and fyn (Semba et al., 1986).

Antisera to two peptides predicted from the fyn sequence
immunoprecipitated the same 59k protein from cells labelled
with 35S-methionine, 32p-orthophosphate and 3H-myristate.
The protein immunoprecipitated by these antisera is therefore referred to as p59fyn. We have used these antibodies
to show that p59fyn has tyrosine kinase activity, and is
phosphorylated in vivo at both serine and tyrosine residues.
Like pp60c-src, the tyrosine kinase activity of p59fyn is negatively regulated by tyrosine phosphorylation. By analogy
with the negative regulatory phosphorylation site of pp60 c-src
(tyr 527), tyr 531 of p59fyn may be the site at which phosphatases act to elevate its kinase activity in vitro. We are
currently generating cell-lines which over-express p59fyn so
that we may map the in vivo phosphorylation sites directly,
in order to study their regulation in more detail.
We have also analysed the ability of p59fyn to bind to
middle T antigen. We did find complex formation between
these two proteins, however the amount appeared to be
very low when compared to the middle T antigen:pp60c-src
complex. Examination of a number of middle T mutants

has shown that those which bound pp60 c- src also bound
p59fyn (presumably in separate complexes), but once again
the amount of middle T binding to the fyn protein was
very much lower in each case. Many mutants of middle
T antigen bind to pp60 c-src yet are unable to transform.
These mutants also bound to p59fyn, so their transformation
defect is still unresolved. In order to see whether p59fyn was
activated in middle T transformed cells, we compared its
activity in normal and transformed cells. Whereas pp60c- src
kinase activity, as expected, was elevated considerably in
the transformed cells, p59fyn kinase activity was unchanged.
Other experiments have indicated that the failure to detect
activation of fyn kinase activity is due to the very low amount
of p59fyn: middle T antigen complex in cells (we estimate that
less than 1% of total fyn molecules are complexed). These
results suggest that complex formation of middle T antigen
with p59fyn is unlikely to playa major role in transformation of
fibroblasts in vitro (although we cannot at this point exclude
that in other cell types or in vivo it may be important).
The yes gene is more closely related to src than is fyn
and has already been shown to bind to middle T antigen.
We wish to compare the degree of complex formation of
middle T antigen with the products of the src, yes and fyn
genes. We have therefore also raised antibodies to yes
specific peptides. Using these antisera, we have identified
in mammalian cells a 62k protein with associated tyrosine
kinase activity. Since Hanafusa's laboratory has previously
identified the product of the chicken c-yes gene as a 62k
protein (Kornbluth et al., 1986), we believe our antisera to
be recognizing the mammalian equivalent of this protein.
Future experiments will then quantitate the amount of middle
T antigen complexed to the yes protein, compare kinase
activity in normal and transformed cells etc., and compare
these parameters to pp60c- src • In this way we hope to be
able to determine the relative importance of the different
complexes in tranformation.
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Regulation of cell proliferation in Saccharomyces cerevisiae by RAS, adenylate cyclase and
protein kinases

Group leader: O. Fasano
Fellows: E. Carra*, R. Gristina*, G. Feger
Assistant: R. Zahn

The RAS gene products positively regulate the progression
of yeast through the G1 phase of the cell cycle. This
conclusion is based upon the observation that yeast cells
in which the function of the RAS2 protein is constitutively
activated by a point mutation cannot stop in G1 (Toda et al.,
1985). On the contrary, cells with a disrupted RAS1 gene
and with a nonfunctional RAS2 gene are found prevalently
as unbudded, G1-arrested cells (De Vendittis et al., 1986).
Besides their effect on growth, mutations which either activate or impair the function of the yeast RAS gene products
affect metabolic parameters, like glycogen levels, as well as
adaptative responses such as sporulation and thermotolerance (Toda et al., 1985; De Vendittis et al., 1986).
In addition to RAS, other cellular components like CDC25 ,
adenylate cyclase (CYR1), and several protein kinases
have been found to be positive regulatory elements of the
pathway which controls the growth of yeast cells and related
functions (Toda et al., 1985, 1987, 1988; De Vendittis et al.,
1986; Fasano, 1986).
During the past few years it has been established that the
modulation of intracellular cyclic AMP levels and the consequent function of cyclic AMP-dependent protein kinases
plays a key role in mediating the effects of RAS proteins.
However, many aspects remain to be clarified. We have
chosen to concentrate our research efforts onto two of these
problems. The first concerns the number and the identity of
the cellular components involved in RAS-dependent cellular
responses. Second, we wish to determine the function of
these elements. As a corollary, this investigation should
clarify whether or not all the effects of RAS are mediated
by cyclic AMP.
To answer the first question it was necessary to use an
approach that was not biased by any ad hoc assumptions
about the identity of the cellular elements regulated by
RAS. Therefore, we constructed a yeast strain (TS1) in
which the RAS1 gene was deleted and the RAS2 gene
replaced by a mutant allele encoding a defective gene
product, not allowing growth at 3?OC. By isolating and
66

characterizing extragenic revertants able to grow at the
nonpermissive temperature, we planned to identify new
elements of the growth control pathway. This approach led
to the identification of a mutant adenylate cyclase that was
able to bypass the requirement for functional RAS genes,
as well as of two protein kinase-related genes (SCH9 and
TPK3) that could suppress the temperature-sensitivity of the
TS 1 strain (De Vendittis et al., 1986; Fasano et al., 1988;
Carra et al., in press).
In the course of 1988, we have continued the genetic and
biochemical characterization of individual elements of the
RAS pathway, and we have also started to investigate the
role exerted by each element on both the expression and
the function of the others.

Summary of the research activity
Characterization of wild-type and mutated forms
of the RAS genes and of their products
We have continued the construction and the characterization
of isogenic yeast strains carrying distinct mutated alleles
of the RAS2 gene, and the development of assays for the
determination of either the concentration or the activity of
the RAS gene products.
We have constructed, by random mutagenesis of the chromosomal RAS2 gene (in a rasr background), isogenic
yeast strains expressing RAS2 proteins whose function was
either activated or reduced by specific amino-acid replacements. We have found that the replacement of Glu70 by Lys,
like the previously known Gly19-+val replacement, results
in the expression of a mutated protein and in a permanent
activation of RAS-dependent cellular functions. In contrast,
mutations leading to the replacement of Asp40 by Asn and
of Gly82 and Gly84 by Ser and Arg, respectively, result in
efficient expression of the mutated proteins, and in permanent reduction of RAS-dependent functions. We have found
that both the Gly82-+Ser and Gly84-+Arg substitutions are
required to obtain a defective phenotype. Gly82 and Gly84
are conserved in evolution, and possibly identify a new

region of RAS that is important for the biological effects of
this protein (Fasano et al., 1988).

SCH9 is not a a positive regulator of
either RAS or adenylate cyclase levels

The mutants with impaired RAS function show a more
severe impairment of growth on nonfermentable carbon
sources, than on glucose. The same phenotype has been
observed in mutants with a partially defective adenylate
cyclase function, thus indicating that a proper function of
the RAS-adenylate cyclase pathway is required during respiratory growth.

The identification of KOM1 (or SCH9) and PR3E (or TPK3)
as suppressors of a partially defective RAS function suggested that the corresponding gene products could be physiological targets for RAS. An alternative possibility is that the
suppressors might act by positively regulating the levels of
RAS proteins. To clarify this point, we have measured by
immunoblot the steady-state levels of RAS and adenylate
cyclase gene products, in isogenic yeast strains carrying
either a Wild-type or a deleted SCH9 gene (SCH9+ or sch9cells). This is an example of a general strategy, that is aimed
at investigating the role exerted by each element of the
RAS pathway on the in vivo expression of the others. As
an extension of this approach, we have followed specific
functions of either RAS or adenylate cyclase in SCHg+ and
sch9- cells. We have found that the levels and the activity of
the RAS1, RAS2, and adenylate cyclase gene products in
cells growing logarithmically were not significantly affected
by the disruption of SCH9. Therefore, SCH9 might be either a downstream element of the RASladenylate cyclase
pathway, or an element of a parallel pathway.

Characterization of wild-type and mutated forms
of the adenylate cyclase gene and of its products
We have concentrated on the mutagenesis of the cloned
adenylate cyclase gene, on the construction of isogenic
yeast strains carrying integration and overexpression vectors for this gene, and on the development of assays for the
determination of either the concentration or the activity of
the corresponding gene products in vivo and in vitro.
Using site-directed mutagenesis around the putative phosphorylation site threonine 1651 (De Vendittis et al., 1986),
we have constructed isogenic yeast strains expressing mutated forms of the adenylate cyclase gene product, carrying
single amino-acid substitutions at positions 1647, 1650,
1651, 1652, and 1653. Most mutants appear to be expressed at about the same level as the wild-type protein,
according to immunoblot analysis with adenylate cyclasespecific antibodies. The antibodies have been raised against
bacterially expressed segments of the yeast adenylate cyclase. We plan to determine the catalytic properties of the
mutants, as well as to study the interaction of the mutated
enzymes with RAS proteins in vivo and in vitro. This should
enable us to get a deeper insight into the mechanisms
that transmit mitogenic signals through the RAS-adenylate
cyclase pathway.
We have also obtained adenylate cyclase-specific antibodies that are able to immunoprecipitate this enzyme, after
solubilization under appropriate ionic conditions. We plan to
perform metabolic labelling of yeast cells carrying wild-type
and mutated forms of adenylate cyclase. Subsequently,
immunoprecipitation of the wild-type and mutated enzyme
should clarify whether or not phosphorylation plays a role
in the regulation of the function of adenylate cyclase, as
suggested by previous studies (De Vendittis et al., 1986).

Isolation of genes encoding other elements
of the growth control pathway
We have isolated two genes, originally called PR3E and
KOM1, that were able to suppress a temperature-sensitive
RAS function, upon expression on a high copy number
plasmid. From the nucleotide sequence, the two genes
appear to be alleles of TPK3 and SCH9, respectively, that
were previously identified as suppressors of a temperaturesensitive CDC25 function (Toda et al., 1987, 1988). The
disruption of SCH9, that appears to encode a putative
protein kinase of 824 amino-acids, results in a slower growth
rate.
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Homeo-box containing genes and the molecular biology of vertebrate development

Group leader: D. Duboule*
Fellow: J. -C. Izpisua-Belmonte*, A. Renucci*
Visitor: B. Galliot*
Assistant: H. Falkenstein*

In recent years, the study of vertebrate development has
seen major break-throughs. These include the identification of vertebrate homeo-genes, originally isolated on the
basis of their homology to the hom eo-box of Drosophila
homeotic and segmentation genes. Temporal and spatial
patterns of expression in frog, mouse and human embryos
support the idea that these genes are intimately involved
in vertebrate embryogenesis. We have recently isolated
the coding sequences and flanking regions of a number
of murine homeo-box-containing genes (Hox genes) and
shown that their structural and functional organization resembles that of Drosophila homeotic genes. With these
results as a foundation, our future research will address two
broad questions:
(a)
(b)

How are the Hox genes regulated at the molecular
level?
What is the function of Hox genes and their molecular
mechanisms of action?

To address these questions, experiments have been initiated in the following directions:
(1)
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Characterization of new members of the Hox family
and their genomic organization (clustering, cis-acting
regulation .... );

(2)

(3)

Studies on the regulation of Hox gene expression involving the definition of promoter sequences required
for temporal or spatial specificity, both in vitro (by
transfection assays) or in vivo (by producing transgenic
animals);
Studies on the function of Hox genes involving their
inactivation in embryonic stem cells by homologous
recombination and transfer in vivo into the germ line of
mice.
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Biological Structures Programme

Introduction

The Biological Structures Programme remains the most
diverse at the Laboratory. Our shared goal is the understanding of the structural basis of biological regulation and
function. The pursuit of this goal requires the use of a
broad range of techniques. The groups of the Programme
empioy methods ranging from those classically associated
with Structural Biology such as x-ray crystallography and
electron microscopy through those usually associated with
other disciplines, including biochemistry, genetics and cell
biology. The projects in the Programme are directed in two
general areas of interest: nucleic acid - protein interactions
and the structure and assembly of membrane proteins and
complexes.
The past year has seen rapid change in the Programme. Three new groups have been established. Werner
KOhlbrandt's group is using electron crystallography of unstained two-dimensional crystals to reveal the structure of
the light harvesting complex from pea at 3.7 A resolution.
Rik Wierenga's group is pursuing drug design based on
the comparison of the structure of a trypanosome enzyme

with the mammalian counterpart. Peter Metcalf's group is
studying the structures of a number of proteins containing
repeating sequence motifs.
One major result of the last year has been the refined
structure of a voltage-gated membrane pore. The refined
structure reveals details of a hairpin loop similar to that suggested for signal sequences. This and the other crystallographic projects in the Programme have taken advantage of
the greater speed afforded by several area detectors which
have been installed for the collection of x-ray diffraction data.
Other accomplishments of the Programme during the past
year include the formation of two-dimensional crystals of
chaperonin - a protein involved in folding, tests of a proposed folding model for the hepatitis B capsid protein by image reconstruction and site-directed mutagenesis, progress
towards the solution of the structure of a complex of actin
and DNase I, the production of a transformed phenotype by
the introduction of a yeast ATPase into a mammalian cell,
and the characterization and two-dimensional crystallization
of a number of bacterial pore-forming proteins.
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Structure of DNA-binding and membrane proteins

Group leader: D. Tsernoglou
Scientists: G. Pal, M. Parker
Fellow: C. Kavounis
Student: U. Lang*
Visitors: R. Arni*, M. Kokkinidis*
Assistants: A. Kingswell, A. Tucker

Colicin A
The structure of the pore-forming fragment of the protein
(consisting of the last 204 amino-acids out of a total of
592) was solved to a resolution of 2.5 A. The background
to this project can be found in last year's report where
we also report on the successful search for heavy atom
derivatives. The project is a collaboration with the group
of Franc Pattus whose report should also be consulted.
The structure was initially solved at 3.0 A resolution on the
basis of one heavy atom derivative and solvent flattening.
It was then extended to 2.5 A and refined by a combination
of molecular dynamics (in collaboration with Johan Postma
of the Biocomputing Programme) and restrained refinement.
The structure can be seen in Plate 16. The molecule can be
described as a bundle of ten a-helices which are arranged
in three layers. The layer containing the amino-terminus
of the peptide fragment consists of a pair of antiparallel
amphipathic helices (helices 1 and 2). This N-terminallayer
is connected via a long loop to another layer which consists
of two pairs of antiparallel amphipathic helices (helices
3 and 4 and helices 6 and 7) with a helix (number 5)
connecting the two helix pairs. The middle layer consists
of three helices (helices 8, 9 and 10), the first two of which
are completely buried and consist of hydrophobic residues
only. The peptide fragment crystallizes as a dimer in the
asymmetric unit of the unit cell. It should be noted that
the protein normally exists as a monomer in solution and
the monomeric state is considered to be the physiologically
relevant state of the water-soluble form of the protein. The
dimer interface consists of contacts from the C-terminal
end of helices 1, 3, 8 and 10 from the N-terminal end of
helices 2, 4 and 9 as well as contacts from residues in
loops connecting these helices. Plate 16 has been drawn
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such that this interface appears in the foreground plane of
the diagram. The pore-forming fragment of colicin A is the
second example of a three-layer a-helical fold first defined
by citrate synthase. However, there is no resemblance
between the two proteins as far as structural details or
function are concerned.
The paradox that colicins can exist as both a water-soluble
protein and as a membrane protein is resolved by the structure of the pore-forming fragment of colicin A. Colicin A and
its thermolytic fragment are soluble in water and monomeric
over a wide range of pH and concentration conditions.
However, the sequences of colicin A and related colicins all
contain a long hydrophobic stretch of residues between 35
and 49 amino-acids long. This stretch of sequence would be
classified as a membrane-spanning sequence on the basis
of hydropathy profiles. In the three-dimensional structure,
this membrane-spanning sequence adopts a helical hairpin
motif (helices 8 and 9) which is completely buried within
the protein. Thus residues which interact with lipid in the
membrane-bound form of the protein are found to be buried
within the protein conformation of the water-soluble form.
We are currently working on the mechanism of insertion into
the membrane. Plate 17 is a summary of our thoughts (ct.
Parker et al., 1989).
Other work
The search for heavy atom derivatives of the adenovirus
DNA-binding protein (studied in collaboration with Peter
van der Vliet of Utrecht and Paul Tucker of EMBL) was
hindered by the presence of 2M NaCI which made most
heavy atom compounds insoluble. We were able to replace

PLATE 16
Stereo representation of the chain fold of the pore-forming fragment
of colicin A. a-helices are represented by cylinders and are labelled
1 to 10. This plate was produced by a computer program written by
Lesk & Hardman (1982).
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PLATE 17
A model for protein insertion into membranes suggested by the
structure of the pore-forming fragment of colicin A.
(i)

Initial interaction with the membrane occurs via the long range
interaction of an electrostatic potential field and shorter range
interactions such as salt bridges. The first step orientates the
hydrophobic helical hairpin (helices 8 and 9) so that its axis
is perpendicular to the membrane surface.

(ii)

The hairpin spontaneously penetrates into the membrane
and in doing so initiates a conformational change within the
protein.

(iii)

It is envisaged that further steps involve insertion of other helical hairpins which may include oligomerisation of the protein
molecule. These final steps would lead to the formation of a
voltage-gated channel.
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this by 2.4M NaNOa which has enabled us to resume the
derivative search on a much wider scale. A number of
compounds appear promising. However, we have not yet
found a completely satisfactory derivative, the commonest
problem being now the lack of isomorphism. The discovery
that nitrate can replace chloride gives us hope that we shall
soon be able to solve the structure.
The p68 protein (a member of the calpactin family) is studied
in collaboration with M. Crumpton & R. Newman of the ICRF
in London and Kevin Leonard's group at EMBL.
Diffraction data from phosphoporin crystals (collaboration
with J. Rosenbusch and N. Konig of Biozentrum, Basel)
were measured on the Nicolet detector at 3.5 A.
The structure of a protease-inhibitor complex (PK and PKla)
is being studied in collaboration with Prof. Jany of Darmstadt. An electron density map produced through the use
of the known structure of PK (Betzel et aI., 1988) shows
the structure of the PKla. We are currently trying to fit the
chemical sequence into the electron density map.
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Structural studies on actin and DNA-binding proteins

Group leader: D. Suck
Fellows: A. Lahm, A. Volbeda*, S. Weston*
Students: C. Cziepluch*, G. Stier*
Visitor: V. Nwosu*
Assistant: G. Frost

Our research interests are focused on two areas: proteinnucleic acid interactions and the structure and function of
actin. The principal experimental technique we are applying
to approach these biological problems is single crystal x-ray
crystallography. To obtain sufficient quantities of the proteins
for crystallization, genetic engineering methods have been
used in some cases.
Actin
In collaboration with Wolfgang Kabsch (MPI fUr medizinische
Forschung) we are continuing the x-ray structure analysis
of the skeletal muscle actin-DNase I complex, which was
hampered for a long time by a lack of suitable heavy atom
derivatives. Using the Nicolet X100A and the Enraf Nonius
FAST area detector systems installed at EMBL we have
collected data sets for the native crystals and several derivatives. Merging R-factors vary between 6 and 12% and tend
to be slightly better for the X1 OOA detector. This appears to
be a consequence of the strong temperature dependence of
the dark current of the FAST detector system which makes
the correct evaluation of the intensities of weak reflections
difficult (see report by P. Tucker for details). Interpretable
difference Patterson and Fourier maps were obtained for
a lead (5 sites; Rcullis=44% for 3.5 A data), a mercury (1
site; Rcullis=50%, 3.5 A data) and a samarium derivative (5
sites, Rcullis=60%, 6 A) prepared by soaking native crystals with heavy atom solutions. Most crystals grown in the
presence of divalent cations did show significant changes
in the cell constants (mainly in the a-axis) and did not
provide useful phase information. A 3.5 A electron density
map was calculated on the basis of the lead, mercury and
samarium derivatives - overall figure of merit is 0.60 for
9,800 reflections to 3.5 A - and solvent flattening according
to the procedure of Wang was applied. A portion of this map
is shown in Plate 18 illustrating that secondary structural
features are clearly visible in the actin as well as in the
DNase I region. It should be pointed out here that no phase

information stemming from the known structure of DNase I
was used for the Fourier calculation. A 4-stranded ,B-sheet
flanked by helices is found in the small domain of actin,
another ,B-sheet is present in the large domain. The map
confirms our results from low resolution maps showing that
actin consists of two clearly separated domains with very
little connecting density and has an adenine nucleotide
bound between the two domains. The present map allows
chain tracing of most of the DNase I and for some parts
of actin, mainly in the small domain. Side chain density
is, however, often missing making it difficult to determine
the chain direction. Loop regions connecting ,B-strands and
helices are often ill-defined, as are parts of the large domain
of actin. Replacing the DNase I density of this map by
density calculated from the refined co-ordinates of DNase
I did not significantly improve the quality of the electron
density distribution. We are presently trying to extend the
resolution of the lead derivative.
As described above, actin consists of a small and a large
domain clearly separated from each other. This fact and the
occurrence of the N-terminal domain of actin in the v-fgr one
gene of Gardner Rasheed feline sarcoma virus where it is
coupled to a tyrosine kinase, lead us to believe that the small
domain is an independent folding unit. We have chemically
synthesized a 485 base pair DNA-duplex consisting of the
gene coding for the N-terminal 148 amino-acids of skeletal
muscle actin, a translation initiation region, start- and stopcedons and Hindlll/EeoRI cloning sites. The gene has built
in several unique restriction sites for site-directed mutagenesis experiments. The gene was assembled by shot-gun
ligation of 20 oligonucleotides with overlaps 7 bases long
and cloned into a bluescript vector for sequencing. Several
unexpected mutations in the ligation product were corrected
by ligating the appropriate restriction fragments of positive
clones. The gene with the corrected sequence was cloned
into the pDOC55 (O'Connor & limmis, 1987) expression
vector. We are presently trying to express the protein in
E.eoli using this as well as the ompA secretion vector
73

PLATE 18
Portions of the 3.5 Asolvent-flattened MIR-map of the actin/DNase
I complex contoured at 1u.

phasing - are superimposed on the electron density for one of the
fj-sheets.

Top: atomic co-ordinates of DNase I - which were not used for

Bottom: a-helical density in the small domain of the actin molecule.
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(Ghrayeb et al., 1984). Besides crystallization and determination of the 3-dimensional structure of this actin domain
on its own, it is planned to form and crystallize complexes
with the S1-domain of myosin and the Fab-fragment of an
anti-actin monoclonal antibody. In both cases, the interactions seem to mainly involve the small domain of actin. By
using this domain one avoids the problem of spontaneous
actin polymerization which prevents the formation of single
crystals.

Nuclease P1
Nuclease P1 from the fungus Penicillium citrinum is a
Zn 2+ -dependent enzyme degrading DNA and RNA. The 35
kD enzyme which has a carbohydrate content of about
17%, preferentially cuts single strands and has in addition to its phosphodiesterase a 3'-phosphomonoesterase
activity. Preliminary sequence data (F. Sakiyama, personal
communication) indicate a strong sequence homology with
the S1-nuclease from Aspergillus oryzae in the N-terminal
half of the molecule. Furthermore, experiments by Witzel
and coworkers suggest that the two enzymes have similar
enzymatic mechanisms involving a mixed anhydride intermediate. We have obtained single crystals of P1 diffracting to about 2.4 A using the hanging drop method (Plate
19). The crystals are tetragonal, space group P41212 (or
43212) with a=b=134A, c=108A, and seem to contain 2
molecules/asymmetric unit. A native data set extending to
approximately 2.5 A has been collected using synchrotron
radiation at the X-11 beam-line at the Hamburg Outstation.
Three crystals of approximate dimensions 0.3 x 0.1 x 0.1 mm
were used to collect 45°of data rotating around the tetragonal axis with a 1°oscillation range per shot. The crystals
were cooled to about +1°C. The data films are currently
being processed using an optronics film scanner.

DNase IlONA
We are continuing our efforts to cocrystallize DNase I with
double-stranded oligonucleotides of varying length and composition to further define the parameters determining the
DNA cleavage pattern. These experiments will be greatly
facilitated once mutants are available which are lacking
the essential H131 and therefore do not cut, but still bind
DNA. These mutants are currently being constructed in
B. Connally's laboratory (Southampton) using a chemically
synthesized DNase I gene which has been cloned into E.coli
using various vectors. Another class of mutants is being
designed to further clarify the enzymatic mechanism and to
prove the existence of a secondary active site (Suck et al.,
1988).

Other DNA-binding proteins
We have obtained an overexpressing E.coli strain containing
the gene for the EcoRV methylase allowing easy preparation
of the enzyme in large quantities (Nwosu et al., 1988). A
survey to find suitable crystallization conditions has been
started.

Publications during the year
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(1988). The cloning, purification and characterization of
the EcoRV modification methylase. Nucl. Acids Res., 16,
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to 2 A of a nicked DNA octanucleotide complex with DNase
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PLATE 19
Crystals of the nuclease P1 from Penicillium citrinum. Maximum
dimension is approximately O.2Smm.
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Structure and function of bacterial ionic channels
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Assistants: N. Didat. M.P. Reck

The lipid bilayer membrane provides a very effective permeability barrier which protects living cells from their environment. Many cellular processes rely, however, on the passive
diffusion of ions across biological membranes. Membrane
proteins forming ion channels are the structural elements
which catalyze ion movements of this kind. Although the
concept of ionic channels was derived from electrophysiological studies of ionic currents through excitable membranes of nerve and muscle, it is now understood that these
proteins are widely distributed among living organisms. They
are found in membranes of prokaryotes, plant cells, protozoa, as well as in a wide variety of animal cells. Despite the
development of new techniques to observe fluctuations of
single channels in membranes from eukaryotic cells and to
express genetically engineered channel proteins in oocytes,
our understanding of the molecular mechanism of channel
function is still primitive because of the difficulty in isolating
sizeable amounts of proteins and our limited knowledge of
the three-dimensional structure of the channels.
These problems are less severe with channel forming proteins from bacteria. The bacterial world provides a variety of
systems which are not only of interest in the understanding
of important aspects of bacterial function and pathogenesis
but may provide detailed information on channel function
and their structure at high resolution. We have approached
the structure and function of ion channel proteins of bacterial
origin whose size and functional properties are similar to
ionic channels from higher organisms.
Since membrane proteins are rather difficult to crystallize,
we are also studying soluble bacterial toxins which kill
bacterial or eukaryotic cells by forming an ion channel in
their membranes. Although their three-dimensional structure
in solution is not the structure of the ionic channel formed by
the toxin in the membrane, we believe that model building
of the channel from the soluble structure should be more
accurate than from the primary sequence.
The study of such toxins is also of great interest to understand the targeting, insertion and translocation of proteins
in membranes.
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Collcins A and N

Colicins are bactericidal proteins which kill sensitive E.coli
cells. Their mode of action comprises three steps:
(1)
(2)
(3)

binding to a specific receptor located on the outer
membrane;
translocation across the membrane(s);
interaction with their target in the cell.

Most of them are large proteins (60-70 kD) and the domains
associated with the steps are organized in three distinct
regions of the polypeptide chain. Colicins of the E1 group
(A,E1,la,lb, B,K,N) form voltage-dependent pores which
lead to depolarization of the cytoplasmic membrane. These
channels are functionally similar to channels from excitable
membranes.
Colicin A (with D. Baty & C. Lazdunski (Marseille).
M. Cyrklaff, K. Leonard, M. Parker,
D. Tsernoglou & A. Tucker (EMBL))

The major result during this year has been the resolution
of the three-dimensional structure of the pore-forming thermolysin fragment of colicin A which was made possible by
the design and isolation of five cysteine mutants to produce
mercury derivatives suitable for x-ray crystallography (see
report by D. Tsernoglou). The studies on the interaction
of the thermolysin peptide with lipid vesicles, the structural
changes associated with lipid binding and the determination
of the minimal polypeptide length still able to form the ion
channel have been continued. The complex formed by the
thermolysin peptide with synthetic phosphatidylglycerols has
a disc-like structure and contains nine peptide molecules
(Plate 20). This complex will provide us with a very convenient object to determine the fine structure of the protein in
its bound state by spectroscopy and biochemical methods.
Our present view of the conformational change associated
with the penetration of the peptide in the lipid bilayer is
that it is a transformation to an inside-out configuration
without great change in the elements of secondary structure.

PLATE 20
Electron micrographs of the complex formed by the C-terminal poreforming fragment of colicin A with dimyristoyl-phosphatidylglycerol.

This view, supported by fluorescence, circular dichroism and
biochemical studies, combined with the crystal structure of
the thermolysin peptide, has led to a model of the mechanisms of insertion of the pore-forming domain of colicin A
into membranes (see D. Tsernoglou's report).

Colicin N
(with T. Puigsley (Paris))
The mode of action of colicin N in vitro has been extensively
studied. Although, much smaller than colicin A, colicin N
also contains three domains. Its C-terminal sequence is very
homologous to colicin A and colicin B C-terminal sequences,
two colicins known to form ionic channels in vitro. We
found that colicin N forms voltage-dependent ion channels
in planar bilayers very similar to those formed by colicin A.
Moreover, colicin N, as all the "membrane active" colicins
and those with nuclease activities was able to catalyze
efficient liposome fusion at acidic pH.

The porins from E.coli outer membrane
The porins are responsible for the molecular sieve properties of the outer membrane from gram-negative bacteria.
As a group the porins share quite similar physical properties. They are present in the outer membrane as very stable oligomers (usually trimer). Their amino-acid sequences
are rather hydrophilic and devoid of hydrophobic stretches
longer than 11 amino-acid residues. The secondary structures of the porins consist predominantly of ,a-strands oriented perpendicular to the membrane plane. Of the four
well-studied porins in E.coli, OmpF, OmpC, and PhoE show
striking similarities in their amino-acid sequences, while
LamB is different. All porins form large aqueous channels
with weak selectivity between small ions. However, those
porins responsible in vivo for the selective permeation of
some solutes through the outer membrane, possess an additional selectivity filter. LamB, for example, contains a filter
selective for maltose and maltodextrin. Electron microscopy
and image reconstruction of two-dimensional crystals of the
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PLATE 21

Channels from two porin trimers recorded from a Schindler type
bilayer containing E.coli outer membrane preparation. Application
of a voltage step of 100 mV causes the channels to close in five

steps. Removal and reapplication of this voltage reveals the size
of the remaining open channel but fails to reopen those previously
closed.
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E.coli OmpF and PhoE protein have shown that the trimers
contain three separate openings at the surface which correlates with the determination of three functional channels
per trimer in lipid planar bilayers.
(with J. Lepault
Maltoporln (LamB
(Gif-sur-Yvette), K. Leonard (EMBL),
S. Wrissenberg & W. Boos (Konstanz))
Despite the lack of amino-acid sequence homology with
OmpF, a similar structure was deduced from low resolution
image reconstruction of the non homologous LamB trimer
in a two-dimensional crystal structure (Lepault et al., 1988).
Attempts to increase the quality of LamB two-dimensional
crystals have been successful. High resolution image reconstruction on these crystals will show whether similarity
extends to the details of the trimer structure. We have
continued our approach to probe the selectivity filter of maltoporin for maltodextrins by using a photoactivatable probe
synthesized in the group of J. Lehmann, Freiburg. Specific
labelling of LamB protein with this maltodextrin analogue
has been obtained. We are currently determining the site of
labelling by proteolytic cleavage and peptide analysis.
Porin OmpF
This year, our main efforts have been directed towards
closing the long-lasting debate on the voltage dependence
of porin in artificial bilayers. A careful study on porin obtained
by three methods (SDS or neutral detergent extraction, outer
membrane vesicles) followed by reconstitution into the three
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different planar bilayer systems currently in use, showed
clearly that porin channels are voltage-dependent (Plate
21) almost independently of the reconstitution system used.
This intrinsic channel property is very useful to study the
channel structure in vitro, but has yet to be correlated with
a physiological role in vivo.
Porin OmpC (with R. Misra &
S. Benson (Princeton))
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. OmpC mutants which
allow (OmpF, LamB-) cells to grow on maltose and maltodextrins in vivo were purified and their channel properties
characterized in planar bilayers. In contrast to the previously studied LamB mutants (Dargent et al., 1988), these
mutations affected only the single channel conductance of
the channel without affecting the voltage dependence and
the fluctuations. Present efforts are directed to determining
whether these mutations are localized within the lumen or
the mouth of the OmpC channel.
The toxin aerolysin from Aeromonas hydrophila
(with T. Buckley (Victoria))

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 exported from bacteria and activated by proteolytic removal
of about 25 amino-acids from the carboxy terminus. Like
Staphylococcus aureus alpha toxin, the mature protein binds
to eukaryotic cells and forms holes, leading to osmotic
lysis. We have shown that the mature toxin forms voltagedependent ion channels in planar bilayers (Plate 22). The
channel properties determined in vitro are consistent with
the idea that the toxin kills cells by forming an ion channel
in their membranes. We are particularly interested by the
structure and the function of this protein, firstly because its
proform which is inactive is similar in its structure to the active form, secondly because its ion channel is of the "porin"
type. Aerolysin and colicins are thus two representatives
of two different classes of secondary structure capable of
adopting a "soluble" and "membrane bound" conformation.
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PLATE 22

5 min

Induction of ionic channels in planar bilayers by activation of
proaerolysin by trypsin. After addition of proaerolysin (A), the conductance of the bilayer remains unaffected. 32 minutes later, trypsin
is added (8) and the conductance increases by discrete steps, each
of which represents the opening of one single aerolysin channel in
the bilayer. 50 mV applied potential.

Massotte, D., Boucher, F. & Aghion, J. (1988). Light adaptation of bacteriorhodopsin in the presence of valinomycin
and potassium pH dependence, Photosynthesis Res., 18,
307-315
Pattus, F., Lakey, J. & Dargent, B. (1988). Bacterial proteins
that form pores: a biophysical approach. Microb. Sci., 5,
207-210
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Structural basis of intracellular sorting
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Assistants: P. Buck, A. Cyrklatt*, M. Cyrklaff

Our group is studying the structures and assembly pathways
of a number of enveloped viruses. The budding of these
viruses requires the coupling of highly accurate sorting of
membrane components with the envelopment of the viral nucleocapsid and hence serves as a model for sorting during
intracellular transport vesicle formation. One consequence
of our studies of enveloped viruses has been the proposal
that the nucleocapsid proteins of simple RNA and DNA
enveloped viruses share a structural homology with the
non-enveloped RNA viruses whose structures are known
to high resolution (Fuller & Argos, 1987; Argos & Fuller,
1988). Another has been a hierarchical model of assembly
in which lateral interactions of membrane proteins leads to
a structure which is recognized by the preassembled capsid
(Fuller, 1987). We have also initiated direct studies of sorting
during vesicle formation through studies of the mechanism
of retention of soluble proteins and membrane proteins in
the lumen of the endoplasmic reticulum. Much of our work
utilizes cryo-electron microscopy in combination with image
reconstruction and so involves improving techniques for
studying fragile membrane structures at increasingly higher
resolution.

differential interaction of spikes with the nucleocapsid which
is predicted by the T =4rr=3 model. Previously we have used
sequence homology to predict the folding of the alphavirus
capsid protein (Fuller & Argos, 1987) in collaboration with
Patrick Argos (Biocomputing Programme, EMBL). With the
group of David Vaux (Cell Biology Programme, EMBL) we
are studying the structures formed by Semliki Forest virus
capsid protein produced in Ecoti in order to test this prediction. The capsid protein assembles in Ecotito produce filled
particles of a similar size and density as the authentic viral
nucleocapsid. This approach may also provide a source of
homogeneous caps ids for crystallization.

Hepadnaviruses

Alphaviruses

These viruses are a family of enveloped, partially doublestranded DNA viruses which include the hepatitis B virus.
Although the overall organization of the virion is similar to
that of the alphaviruses, a number of special features make
this virus family particularly interesting (Ganem & Varmus,
1987). These include the secretion of particles containing
the surface antigen of the virus, HBsAg, and lipids but no
core protein or genome from infbcted cells. The complex
antigenic response to hepatitis infection is also of interest.

These viruses, which include Sindbis and Semliki Forest 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). We are continuing attempts to form well ordered twodimensional and three-dimensional crystals of the virus to
obtain a higher resolution structure. We are also using threedimensional reconstruction of cryo-electron micrographs of
virions treated with low levels of detergent to look for the

The hepadnavirus core was believed to be icosahedral
although its structure had not been clearly characterized
structurally. With Patrick Argos (Biocomputing Programme,
EMBL) we have compared the amino-acid sequences of the
hepadnavirus caps ids with those of non-enveloped viruses
which are known to have T =3 or T =3-like structure (Argos
& Fuller, 1988). Alignment of the hepadnavirus sequence
with that of the known structure of the mengo virus protein
(Luo et at., 1986) allowed us to predict its folding (Plate
23) and explain the behaviour of the known antigenic sites.
The proposed hepadnavirus fold differs from that observed
in known non-enveloped virus capsid structures in that the
extended positively charged amino-terminal domain of the
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PLATE 23
This predicted folding of the hepatitis B capsid protein is based on
alignment of the capsid protein sequence with the known structure
of the mengo virus vp3 protein. The positions of amino-acids 140

(a), 149 (b) and 165 (c) which served as the starting positions of
the deletion mutants are indicated.

b

PLATE 24
This cryo-electron micrograph of nucleocapsids assembled from
hepatitis B capsid protein expressed in E.coli shows the two forms
of capsid observed. Both the large (320 A) and the small (280 Aarrows) form appear filled.
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PLATE 25

Surface representations of icosahedral image reconstructions of the
large form of the capsid formed by the full length hepatitis B capsid
protein (a) and the mutant protein whose tail is deleted from residue

149 (b) expressed in E.co/i. Both reconstructions are viewed along
their three fold axis.

latter is replaced by a positively charged carboxy-terminal
tail. This positively charged domain is believed to function
in the packaging of nucleic acid in the non-enveloped virus
structures. The tail also functions as a structural switch between the three conformations of the capsid protein required
for the formation of a T=3 shell. Without such a switch, only
the smaller T=1 shells could be formed.

((a) in Plate 23) does not appear to assemble at all while a
deletion from residue 165 ((c) in Plate 23) assembles stably
but appears empty. Together these deletion studies show
that the sequences predicted to form the last ,B-strand by the
folding model are necessary for stable assembly, support
the function of the carboxy-terminal tail in the packaging of
nucleic acid, rule out a role for this tail as a structural switch
needed to generate T =3 symmetry and demonstrate that
nucleic acid is not required for capsid assembly.

The validity of the hepadnavirus folding model and the role
of the carboxy-terminal tail in assembly are being studied
in collaboration with Michael Nassel, Frank Birnbaum and
Heinz Schaller (Zentrum fOr Molekulare Biologie, Universitat
Heidelberg) by expression of the hepatitis virus capsid protein from a temperature-sensitive promoter in E.coli. The
full length capsid protein (219 amino-acids) assembles to
form two sizes of particles. The two size classes of particles
have also been reported for hepatitis B capsids isolated
from infected livers and do not appear to interconvert. Cryoelectron micrographs (Plate 24) of the large (320 A) form
and the small (280 A) form of the capsid show that both
are icosahedral and filled. Icosahedral image reconstruction
methods were used to generate the three-dimensional structure of each form. Both forms contain 180 resolved structural
units and show a local sixfold axis on the icosahedral three
fold consistent with T =3 symmetry (Plate 25a). We have
also studied deletion mutants to characterize the role of the
carboxy-terminal tail. Removing the tail from residue 149 (b
in Plate 23) produces capsids which are relatively fragile
but retain the full 320 A size and appear empty (Plate 26).
Three-dimensional image reconstructions of these caps ids
show that they have the same organization as the full length
form (Plate 25b). Capsid protein deleted from residue 140
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Our studies of the surface antigen particle have been in
collaboration with Don Ganem of the University of California
at San Francisco Medical School and with Albrecht von
Brunn of the Zentrum fOr Molekulare Biologie, Universitat
Heidelberg. The results suggest that the surface antigen
assembles into tubular forms which fragment to produce
disc forms. The disc forms are salt-sensitive and give rise
to the "spherical" ones seen by negative stain microscopy.
Characterization of assembly-sensitive epitopes of the surface antigen indicate that this assembly process occurs at
specific sites within the endoplasmic reticulum.

Other viruses
We are pursuing a number of other image reconstructions
of more complex enveloped viruses to test the generality of the assembly principles derived from our studies of
the alphaviruses and hepadnaviruses. These include the
enveloped bacteriophage l/J-6 in collaboration with Dennis
Bamford (University of Helsinki), adenovirus type 2 in collaboration with Roger Burnett and Phoebe Stewart of the

PLATE 26
This cryo-electron micrograph of capsids formed by the mutant form
of the hepatitis B capsid protein whose tail is deleted from residue
149 shows that the capsids are of the same size as those formed
by the full length protein but appear empty.

Wistar Institute (Philadelphia), the vaccine strain of yellow
fever v' us which is a representative of the flaviviridae, and
Uukun li virus which is an enveloped icosahedral virus
with a strand form nucleocapsid. Work on these more complex systems has required extensive further development of
computational and microscopic techniques.

Retention of proteins in the endoplasmic reticulum
In collaboration with Rainer Frank and Heinrich Gausepohl
(Biochemical Instrumentation Programme, EMBL) and John
Tooze (EMBL) we have developed antibodies specific for
various domains of resident soluble proteins of the endoplasmic reticulum. Several of these antibodies are specific
for the carboxy-terminal sequence which is responsible for
the retention of these proteins in the endoplasmic reticulum
(Munro & Pelham, 1986). We have used these antibodies to
probe the distribution of these proteins and the exposure of
this sorting signal. Antibodies specific for the sorting signal
itself have allowed us to identify a number of previously
unknown proteins which use this retention signal. We have
also shown with Kathryn Howell (Cell Biology Programme,
EMBL) and Horst Kern (Philipps Universitat, Marburg) that
the expression of several but not all of the proteins using this
sorting signal is coordinately regulated (Howell et al., 1988).
Carboxy-peptidase digestions followed by immuno-blotting
show that the exposure of the tail is regulated by pH, and
hence the possibility of receptor recognition depends on the
environment of the endoplasmic reticulum.
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Structure and function of the eukaryotic proton pump
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The eukaryotic proton pump constitutes a convenient system for probing the structure of complex membrane proteins and the mechanism of coupling ATP hydrolysis to
ion transport. In addition, mounting evidence suggests that
proton transport may be involved in the control of growth
of eukaryotic cells. These aspects constitute our research
goals, the tools being provided by membrane biochemistry,
genetic engineering, immunology and electron microscopy.
Structure of H-ATPase

The structure of ion-pumping ATPases cannot yet be solved
by x-ray crystallography but other indirect approaches may
provide structural information. The transmembrane location
of the C-terminus of the yeast H-ATPase is being studied
with the help of specific antibodies. There is a very sensitive
trypsin site on this part of the enzyme and cutting at this
site causes the loss of reaction with the anti-C-terminus
antibody. In a mixed population of plasma membrane vesicles (right side out and inside out), ATPase molecules
sensitive to this trypsin cut at the C-terminus are also
sensitive to the non-permeant covalent inhibitor fluorescein
5-isothiocyanate, which binds to the ATP binding site. Therefore the C-terminus seems to be on the cytoplasmic side
of the membrane. This location is also supported by the
properties of truncated ATPases lacking C-terminal parts.
These enzymes show altered kinetic properties, suggesting
that the C-terminus somehow interacts with the active site.
The yeast H-ATPase gene contains no introns but the corresponding plant gene is interrupted by 15 introns (Plate 27).
Comparison of exon boundaries between plant and animal
ATPases suggests that there is partial conservation of intron

84

positions within this protein family. In addition, there is a
relationship of exons to predicted structure-function modules
in ATPases. This correspondence is somehow degenerated
by the existence of mechanisms which alter the position or
presence of introns during evolution. Accordingly, only 2 of
the 25 predicted transmembrane helices of plant and animal
ATPases are interrupted by introns (Plate 27).
Mechanism of ion-pumping ATPases

Site-directed mutagenesis of the yeast H-ATPase has clarified the role of the six conserved motifs detected in the
family of ion-pumping ATPases which have a phosphorylated intermediate (Plate 28). The aspartate of motif II
forms the acyl-phosphate intermediate. Catalysis of this
part of the reaction is dependent on ATP-binding by the
conserved aspartates of motifs IV, V and VI and by the
conserved lysine of motif III. This lysine probably functions
by electrostatic catalysis, stabilizing the negative charge
developed in the pentacovalent intermediate. E1 refers to
the conformation of the enzyme involved in this part of the
catalytic cycle. Hydrolysis of the intermediate occurs after
transition to the E2 conformation. The conserved glutamate
residue of motif I probably acts as a general base catalysis
during the hydrolysis of the phosphorylated intermediate.
Protons are taken from the cytoplasmic side of the membrane with high affinity in conformation E1 and released
to the external side of the membrane in conformation E2
(low affinity for protons). Crossing the membrane probably
requires an intramembrane cation binding-site contributed
by a buried aspartate in transmembrane helix 6, but the
initial binding-sites in E1 and E2 have not yet been identified.
Uncoupled hydrolysis of ATP is somehow prevented by the

PLATE 27
Relationship of exon boundaries to the predicted structure of eukaryotic ATPases. Hat, H-ATPase from Arabidopsis thaliana (J.M.
Pardo & R. Serrano, submitted). Hnc, H-ATPase from Neurospora
crassa. Ca, Ca-ATPase from rabbit muscle sarcoplasmic reticulum.
NaK, Na,K-ATPase from humans. See Serrano (1988) for referC-1
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ences. Sequences were aligned by fixing the positions of predicted
transmembrane helices (H-1 to 9) and conserved motifs (C-1 to 6,
see Plate 28) and then taking into account similarities in predicted
secondary structure.
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PLATE 28
Mechanism of ion-pumping ATPases as deduced from site-directed
mutagenesis of yeast H-ATPase. See text for details.
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conserved serine of motif I. Replacement by alanine results
in uncoupled ATP hydrolysis at a rate 5-fold greater than in
the wild-type, coupled enzyme. The first aspartate of motif
VI provides the link between the kinase and phosphatase
activities because it is close to residues involved in ATP
binding but its mutation only affects the hydrolytic part
of the catalytic cycle. Therefore, motif VI is designated
as the divalent loop. The alternation between E1 (kinase
activity) and E2 (phosphatase activity) may be based on the
swinging of the loops I and III, which contain the essential
residues for the two partial reactions. The binding-site for the
inhibitor vanadate has been localized by mutations which
affect the sensitivity of the enzyme to this inhibitor. It seems
to include residues from motifs I, " and VI (see Plate 31).

Growth control by proton transport
Site-directed mutagenesis of the yeast ATPase has also
allowed us to measure the role of the enzyme in cell growth
(Plate 29). The results indicate a surprising value of 1 for the
control or sensitivity coefficient as defined by the theory of
Kacser and Burns (Kacser & Burns, 1973). The mechanism
of such tight control of yeast growth by H-ATPase activity is
being investigated by genetic approaches (supressor analysis) and novel insights into cell physiology are anticipated.
Similar results have been obtained by manipulating the
promoter of the yeast ATPase gene and reducing the level
of the enzyme.
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A completely different approach has been the expression
of the yeast H-ATPase in animal cells, with the result that
this fungal proton pump behaves as an oncogene in mouse
fibroblasts (Plate 30). These findings force a reinterpretation
of the assumed role of intracellular pH as permissive factor
for growth because it seems to be a trigger for proliferation.
Experiments are under way to clarify the initial stages of
cell transformation by increased proton transport and to
extend these observations to plant cells. It is hoped that
yeast genetics, through suppressor analysis, will allow us to
identify the hypothetical pH sensor of eukaryotic cells.

Regulation of H-ATPase
Plant and fungal H-ATPases are activated during cell proliferation. The detailed mechanism is unknown but it seems
to involve protein kinases. We have found that some detergents (lysophosphatidic acid-oleoyl) and physical treatments
(sonication) mimic the physiological activation of the yeast
ATPase by glucose metabolism. A point mutation located
between motifs IV and V and deletions of the C-terminus
result in a permanently activated enzyme. This suggests
an interaction between an inhibitory C-terminal domain and
the active site (Plate 31). Strong detergents and sonication
could displace the C-terminus "in vitro" in the same way as
glucose metabolism does "in vivo".
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PLATE 29
Correlation between H-ATPase activity and growth rate. ATPase
activity is referred to the wild-type enzyme taken as 100%. The six
mutations with reduced activity were (in increasing order of activity): Lys474-His, Asp634-Asn, Lys474-Arg, Thr231-Gly, Cys376-Leu
and Lys379-Gln. Open symbols: growth medium buffered at pH 4.
Closed symbols, growth medium buffered at pH 6.
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PLATE 31
Model for the structure of the yeast H-ATPase. I to VI correspond to
the conserved motifs of Plate 28. Vi, vanadate (ATPase inhibitor).
See text for details.

PLATE 30
Oncogenic properties of the yeast H-ATPase gene. NIH3T3 cells
were transfected with pSV2neo plasmid alone or cotransfected
with this plasmid and an expression plasmid containing the yeast

H-ATPase gene under control of the SV40 promoter. The presence
of the yeast ATPase was detected by immunofluorescence.

Properties of transfected cell-lines
Cell-line

Yeast

Morphology Agar cloning

ATPase

Tumorigenicity

(% efficiency)

number

latency

Saturation
density

Nneol

-

flat

<0.1

0/5

1

Nneoll

-

flat

<0.1

0/5

1

Nneolll

-

flat

<0.1

0/5

1

RN1ds

+

piled

20

9/9

7 days

4

RNt3a

+

piled

10

6/6

4 days

3

+

piled

12

6/6

4 days

3

RN1a
Publications during the year

Cid, A. & Serrano, R. (1988). Mutations of the yeast plasma
membrane H-ATPase which cause thermosensitivity and
altered regulation of the enzyme. J. BioI. Chern., 263,
14134-14139
Perona, R. & Serrano, R. (1988). Increased pH and tumourigenicity of fibroblasts expressing a yeast proton pump.
Nature, 334, 438-440
Portillo, F. & Serrano, R. (1988). Dissection of functional
domains of the yeast proton-pumping ATPase by directed
mutagenesis. EMBO J., 7, 1793-1798

Serrano, R. (1988). Structure and function of proton transloeating ATPase in plasma membranes of plants and fungi.
Biochirn. Biophys. Acta, 947, 1-28
Serrano, R., Montesinos, C. & Sanchez, J. (1988). Lipid
requirements of the plasma membrane ATPases from oat
roots and yeast. Plant Sci., 56, 117-122
Other reference
Kaeser, H. & Burns, J.A. (1973). Syrnp. Soc. Exp. BioI.
(England), 27, 65-104

87

Electron microscopy and computer image analysis

Group leader: K. Leonard
Scientist: B. Bullard*
Fellows: G. Hutchinson, J.-F. Menetret, R. Ward
Students: M. Gautel*, S. Labeit*, R. Rausch*
Visitors: G. Hofhaus*, M.G. Reedy*, J. Trinick*, H. Weiss*
Assistants: G. Ferguson, A. Lakey (Muscular Dystrophy Group of G.B.)

We are using computer image analysis to obtain structural
information from electron micrographs of periodic biological
objects. Projects include work on two-dimensional crystals of membrane proteins, on proteins adsorbed to lipid
monolayers and on proteins specific to insect flight muscle.

Mitochondrial membrane proteins
(with H. Weiss, Universitat Dusseldorf)
Cytochrome reductase
The water soluble 45 kD and 50 kD "core protein" subcomplex from cytochrome reductase has been shown to
form well-defined helical filaments. The diffraction patterns of the filaments have been analysed and a threedimensional reconstruction calculated (Plate 32). The repeating unit of the helix corresponds closely in size
to the core protein dimer found in cytochrome reductase membrane crystals. These results and STEM mass
measurements of the filaments (see also the report of
A. Jones' group) suggest a new stoichiometry for the
2 core proteins of 1:1, not 2:1 as previously anticipated.
Work on cytochrome reductase also gave an unexpected
result in that membrane crystal preparations were frequently
contaminated with small amounts of a 7-fold symmetric
particle (Plate 33). We now believe this to be a member
of the "chaperonin" family of heat shock proteins, found
in bacteria and cell organelles. We have now succeeded
in purifying the 14x60 kD chaperonin complex and have
characterized it both biochemically and by STEM mass
measurement. Two-dimensional crystals of the chaperonin
complex have been obtained which are suitable for threedimensional reconstruction.
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NADH:ubiquinone reductase (Complex I)
We are continuing structural investigation of a smaller,
partially active Complex I found in Neurospora mitochondria which have been treated with chloramphenicol to suppress mitochondrial protein synthesis. This complex lacks
the mitochondrially encoded subunits and forms membrane
crystals with a smaller unit cell than the native enzyme.
A three-dimensional reconstruction of this smaller complex
has been carried out. A comparison of this structure with
that previously obtained for the native enzyme will enable
the position of the missing subunits to be determined.

Surface mono layers
With Franc Pattus we have been investigating methods
for adsorbing proteins to surface monolayers of lipid to
form two-dimensional crystals suitable for image analysis.
We are pursuing both the Langmuir trough method, which
enables the surface pressure to be monitored as the protein
interacts with the monolayer, and the simpler droplet surface
method. It has been possible to align or crystallize a number
of proteins on monolayers including muscle thin filaments
(Plate 34).

Insect muscle proteins
Two new proteins from insect flight muscle, heavy troponin
and arthrin (ubiquitinated actin) have been isolated and are
being studied by a combination of biochemical methods
and electron microscopy. Monoclonal antibodies, with and
without gold or heavy metal cluster labels, are being used
to determine the relative positions of the two proteins in
the thin filament (Plate 35). We are also studying two
very hydrophobic proteins which have been isolated from
invertebrate muscle Z-disc (23 and 35 kD zeelins). The 23
kD zeelin forms short regular filaments when dialysed from
urea solutions (Plate 36).

PLATE 32
Top left: Cytochrome reductase "core-protein" filaments, frozen
hydrated in vitreous ice.
Top right: Filaments negatively stained with uranyl acetate. Scale
bar 100nm.

Bottom: Hidden surface contour plot of a three-dimensional reconstruction of the filament showing (shaded) on·the left hand side the
postion of a dimer corresponding to the "core-protein" region of the
cytochrome reductase dimer.
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PLATE 33
Chaperonin particles isolated from the mitochondria of Neurospora
crassa. Negatively stained with uranyl acetate., scale bar 100nm.

PLATE 34
An extended single layer paracrystal of muscle thin filaments grown
on a lipid surface monolayer. Negatively stained, scale 100nm.
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The inset shows at higher magnification the 7-fold views characteristic of these particles and the 4-striated "side-view".

PLATE 35
Stretched frozen section of insect flight muscle, labelled with colloidal gold anti-ubiquitin conjugated antibodies. The label is observed only in regions where thin filaments are present, and in-

dicates that arthrin (ubiquitinated actin) is distributed more or less
uniformly through the thin filaments. Scale bar O.5J.L m.

PLATE 36
Filaments obtained by reconstitution of 23 kD zeeHn. Negatively
stained with uranyl acetate, scale bar 100nm.
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Structure of plant light-harvesting complex by high-resolution electron crystallography

Group leader: W. KOhlbrandt*
Fellow: D.N. Wang*

In spite of some important break-throughs (Henderson &
Unwin, 1975; Deisenhofer et al., 1986) our knowledge of
the detailed three-dimensional structure of proteins in biological membranes is still sketchy. One reason for this
is the difficulty of obtaining three-dimensional crystals of
membrane proteins that are sufficiently well ordered for
x-ray crystallography. Some membrane proteins do, however, form highly ordered two-dimensional crystals which
are perfectly suited for structural studies by electron diffraction, high-resolution electron microscopy and image analysis. The light-harvesting chlorophyll alb-protein complex
from chloroplast membranes (LHC-II) forms such crystals
(KOhlbrandt, 1984) and we are determining its structure by
these methods.
LHC-II is a key component of the photosynthetic apparatus
of all plants. It is the most abundant protein constituent of
chloroplast membranes and accounts for more than half of
the chlorophyll on earth. The LHC-II polypeptide (molecular mass 25,000) binds 15 molecules of chlorophyll which
function as antennae of solar energy as well as several
carotenoids. The harvested energy is passed on to the reaction centre complexes of photosystem II which occur in close
proximity to LHC-II, and photosystem I. Other functions
of LHC-II include the mediation of chloroplast membrane
stacking and of the regulation of photosynthesis via phosphorylation by a specific kinase. The complex is isolated as
a trimer (Butler & KOhlbrandt, 1988) and crystallizes in this
form from detergent solution.
Two-dimensional crystals (plane group p321) grow to 2-5
pm in diameter (Plate 37). High-resolution electron micrographs and diffraction patterns of two-dimensional crystals
have been obtained by cryo-electron microscopy in collaboration with K.H. Downing & A.M. Glaeser, University
of California, Berkeley. Single layers were stabilized with
tannin and cooled to -115°C in the microscope. At this
temperature electron diffraction to 3.3 A resolution can be
observed. Computer processing of images and diffraction
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patterns, initially in the laboratory of A. Henderson, MRC
LMB, Cambridge, yielded amplitudes and phases of 1450
structure factors of the complex in z-projection (onto the
plane of the membrane). Work on the projection map of the
LHC-II at 3.7 Aresolution is now complete.
The map (Plate 38) shows the structure of the LHC-II trimer
at a level of detail that could, until recently, be expected
only from x-ray crystallography of three-dimensional crystals. The unit cell (a=127 A) contains two trimers. There
is good evidence that the trimer is the native, functional
configuration of the complex (Ide et al., 1987) and that
therefore the map shows the structure of the trimer as it
exists in the chloroplast membrane. The three monomers
are clearly resolved. Within the monomer there are two
regions of apparent near-two-fold symmetry (dotted lines in
Plate 38) which may correspond to two domains of structural
and functional homology. In fact, a close inspection of the
polypeptide sequence with Peter Rice and Pat Argos from
the Biocomputing Programme revealed significant homology
of two stretches of the polypeptide which are predicted to
include the first half of one membrane-spanning a-helix
each. Since the map does not show peaks characteristic of a-helices perpendicular to the membrane plane in
this region it can be assumed that these two helices are
inclined towards the membrane normal. However, a peak
that probably does represent an a-helix running roughly
perpendicular to the membrane plane is found in an adjacent
region (asterisk in Plate 38) and it seems likely that this
represents the third predicted membrane-spanning a-helix
of LHC-II. Small peaks of density surrounding the monomer
may correspond to lipid molecules surrounding the complex.
Judging from the projection map, the structure of LHC-II
appears to be quite different from that of other membrane
proteins with structures known at this or comparable resolution. On this evidence, LHC-II does not seem to belong to
one of the families of membrane proteins that have recently
emerged.
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Protein crystallography, cryo-electron microscopy of reovirus

Group leader: P. MetcalF
Visitors: M. Adrian*, B. Dettmer*

Our group was established in October and has set up a
laboratory for protein purification and crystallization. We
have carried out crystallization trials on a number of proteins. In addition during this period we produced the threedimensional map of reovirus shown in Plate 39.

Crystallography
The development of efficient x-ray area detectors and methods to avoid x-ray induced damage to protein crystals has
greatly reduced the amount of time required to produce protein structures by x-ray crystallography. The limiting factor
remains the difficulty of producing suitable quality protein
crystals.
In 1988 we carried out initial crystallization trials on a
C-terminal domain of the Ecoli toxin haemolysin, on the
intermediate filament protein vimentin, and on a synthetic
31 amino-acid C-terminal domain of the Semliki Forest virus
(SFV) surface protein E2.
Haemolysin is a 107k protein which is transported through
both Ecoli membranes by a special non-signal dependent export mechanism. Single haemolysin molecules form
channels in target cell membranes, depolarizing them.
Haemolytic Ecoli is often associated with urinary tract infections and haemolysin shares sequence homology with a
number of other bacterial toxins including those of Bordetella
pertussis, the whooping cough pathogen. Chimeric proteins
including only the C-terminal 195 amino-acids of the 1023
amino-acid haemolysin molecule are exported, so that the
haemolysin export system is relevant to protein expression.
We have obtained small crystals of an exported 23 kD
C-terminal fragment provided as part of a collaboration with
the group of C. Hughes (Cambridge, U.K.).
Vimentin is one of the more soluble of the intermediate
filament proteins, a widespread class of related cytoskeletal
proteins. None of the intermediate filament proteins have
been crystallized and we are carrying out trials with vimentin
provided by Peter Traub's group at the MPI (Ladenburg).
Crystallization trials have also begun on a synthetic peptide
corresponding to the carboxy terminal 31 residues of the
SFV E2 surface membrane p'rotein. This part of the E2
protein is believed to interact with the internal protein capsid

and has been shown by the group of David Vaux to inhibit
competitively SFV budding after microinjection into infected
cells. The project is a collaboration with the group of David
Vaux.
In the near future we intend to make a subtantial effort to
crystallize the adenovirus DNA polymerase using material
provided in a collaboration with the groups of Peter van der
Vliet (Utrecht) and Henk Stunnenberg at EMBL.

Reovirus
Reovirus is a ubiquitous mammalian dsRNA virus with two
protein shells and a segmented dsRNA genome. After entry into cells the outer protein shell is removed and reovirus "cores" consisting of 6 protein types and 10 dsRNA
molecules synthesize mRNA in the cytoplasm. The cryoelectron microscopy project on reovirus began during 1987
at the Grenoble Outstation (P. Metcalf & M.Adrian) and initial
work on reovirus cores was described in the 1987 Research
Reports.
Virus was obtained from the laboratories of R. Bellamy
(University of Auckland, New Zealand) and W. Joklik (Duke
University, Carolina) and images of unstained intact virus
particles were prepared by cryo-electron micoroscopy at the
EMBL (group of Stephen Fuller) and at the University of
Lausanne (M. Adrian). Particle orientations were determined
and a three-dimensional map produced using icosahedral
reconstruction methods (Crowther, 1971) as implemented
in the programs of Stephen Fuller (Fuller, 1987). Additional programs were written which allow the comparison of
electron micrographs and model particles using interactive
computer graphics.
Plate 39 shows an electron micrograph of reovirus particles
in amorphous ice, a computer image of the surface of a
reconstruction made from 5 of the particle images, and
a shadowed freeze-etch replica of a single virus particle
(Metcalf, 1987) showing similar surface detail. The virus
shell has T=13,1 icosahedral symmetry with 60 ring shaped
capsomers and 12 large pentameric craters. Channels in
the outer shell extend through the shell to the inner core.
Current work is aimed at extending the resolution of the
virus reconstruction and of improving the quality of the
reconstruction of core particles.
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PLATE 39
(a)
(c)

Cryo-electron micrograph showing reovirus particles used for
the reconstruction shown in (b). Bar=l00nm
Freeze-etch replica of a reovirus particle (Metcalf, 1987).
Bar=10nm

(b)

Surface view of a three-dimensional reconstruction derived from the 5 particles marked in (a). Bar=10nm
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Structural studies of various proteins and protein-ligand-complexes

Group leader: R.K. Wierenga
Fellow: M.E.M. Noble

The research in our new group is aimed at the structural
characterization of various proteins and protein-ligand complexes. It is hoped that, with theoretical studies and the
determination of kinetic and physico-chemical parameters
of these molecules, our understanding of the properties of
proteins can be improved.

PLATE 40

The reaction catalyzed by triose phosphate isomerase.
dihydraxyacetone - phosphote

Trypanosomal triosephosphate isomerase
Trypanosomes are unicellular eukaryotic blood parasites,
which are transferred from one mammalian host to the
other by the tse-tse fly. Trypanosomes have a number
of unique biochemical properties, such as the existence
of glycosomes. These glycosomes are intracellular microbodies which contain the enzymes of the trypanosomal
glycolytic system. It has been established that these enzymes, such as trypanosomal triosephosphate isomerase
(gTIM), are synthesized in the cytoplasm and subsequently
imported into glycosomes. gTIM is a dimeric enzyme, consisting of two identical subunits of 249 residues. gTIM
catalyzes the conversion of dihydroxyacetone-phosphate
into glyceraldehyde-3-phosphate (Plate 40). Only the dimer
is fully active, cofactors are not involved in the catalytic
process. The results of the structural investigations of gTIM
described in the next paragraphs were mainly obtained while
this work was being carried out in the research group of
Professor HoI. We will attempt to initiate a second line

D- glyceraldehyde - 3 - phosphate

TI M

(no-cofactors)

Three different projects will be discussed:
Trypanosomal triosephosphate isomerase, in collaboration with W.G.J. Hoi (University of Groningen, The
Netherlands) and F.R. Opperdoes & PAM. Michels
(ICP, Brussels, Belgium). The ultimate goal of this
project is to use the structural information for the design
of selective inhibitors (Hoi, 1986). Such inhibitors are
potential drugs against the various diseases caused by
trypanosomes.
Eukaryotic elongation factor EF-10:, as well as EF-1,6
and EF-1'Y of the brine shrimp Artemia, in collaboration
with W.J.H.M. Moller and R. Amons (University of
Leiden, The Netherlands)
Peroxisomal yeast enzymes involved in the ,6-oxidation
pathway, in collaboration with W.-H. Kunau (Ruhr University, Bochum, Fed. Rep. Germany)

==

DHAP

GAP

of research aimed at the analysis of the contribution of
individual interface-sidechains to the stability of the gTIMdimer by the characterization of the properties of various
mutants.
gTIM-crystals are grown at pH 7.0 in the presence of 2.4
M ammoniumsulfate (Wierenga et al., 1987). These crystals
are well ordered and a complete film-dataset has been
collected at the Oaresbury synchrotron consisting of 38819
reflections between 25 A and 1.83 A. Currently the structure is being refined against this dataset. Several solvent
molecules have been placed. The current structure consists of 3778 protein atoms, 150 water-oxygen atoms and
5 sulfate atoms. The R-factor for this structure is 22.2%
(6 A-1.95 A),whereas the rms-deviation from ideal geometry is .031 A for 3850 covalent distances. Several water
molecules are located between the two monomers at the
dimer-interface region. It is also interesting to note that only
one active site is accessible for ligands, due to crystalpacking. This explains why the atoms of only one sulfate ion
(bound near the active site of subunit-2) have been included
in the refined structure. The gTIM-crystals have also been
used in crystallographic binding experiments with various
substrate-analogues. Straightforward crystallographic binding studies are impossible, because sulfate, which is the
precipitant in the original mother-liquor, is itself a substrateanalogue. Therefore the crystals have to be transferred to
a sulfate-free, PEG6000-solution (Schreuder et al., 1988).
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PLATE 41

The formulas of the three compounds which have been used in the
soaking experiments.
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The peroxisomal yeast enzymes involved in the {3oxidation pathway

0-3 - phosphoglycerate

(3PGAI

0

So far three different soaking experiments have been carried out, with three different substrate-analogues (Plate 41):
glycerol-3-phosphate (6mM), 3-phosphoglycerate (7mM),
and 3-phosphonopropionate (75mM). Currently the structures of these complexes are being refined, however
some interesting observations can already be reported (A.M.W.H.Thunnissen, University of Groningen, unpublished
observations):
The three substrate-analogues only bind at the active
site of subunit-2;
The "flexible"-Ioop (residues 170-177) of subunit-2
moves towards the phosphate-moiety of the substrateanalogue. Some atoms move more than 6 A. This has
also been observed in crystallographic binding studies
with chicken-TIM and yeast-TIM;
The side chain of the catalytic residue, Glu-167
(subunit-2), does take up different positions.
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We will attempt to crystallize EF-1a, as well as various
complexes such as EF-1a.GDP, EF-1{3'}', EF-1a{3'}'. EF-1a
is involved in the elongation step of the protein-synthesis
(Moller et al., 1987). EF-1 a (Mr=51,OOO) is the eukaryotic
counterpart of bacterial EF-Tu. The sequence of EF-1 a
shows an overall homoly of 25% with respect to bacterial EF-Tu. The EF-1a.GTP complex binds AA.tRNA and
delivers it to the ribosome, where it is converted into an
EF-1 a.GDP-complex. EF-1{3 (M r=26,OOO) is an "exchange"enzyme, it catalyzes the conversion of EF-1a.GDP into EF1a.GTP. The function of EF-1'}' (M r =46,OOO) is unknown.
The sequences of EF-1{3 and EF-1'}' are not related to
known sequences of other proteins.

(G3PI

0

e

o

0- glycerol- 3 - phosphate

The eukaryotic elongation factor EF-1a, as well as EF1{3 and EF-1'}' from the brine shrimp Artemia

These enzymes catalyze the oxidative degradation of fatty
acids. The crystallization of several of these enzymes will be
attempted, among others the 3-oxoacyl-CoA-thiolase and
a trifunctional enzyme (M r=2 x 100000) possessing three
different catalytic activities (De La Garza et al., 1985). Sofar
structures of proteins homologous to these enzymes are not
known.
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Gene Expression Programme

Introduction
Genes, by means of a highly accurate mechanism of duplication, are responsible for the transmission of genetic information to the progeny and, through transcription, processing
and translation specify the synthesis of proteins and are
therefore, indirectly, responsible for much of the "activity"
characteristic of individual cells and organisms. The basic
molecular mechanisms involved in gene expression, that is
replication, transcription, processing and translation are well
understood and many of the enzymes involved have been
characterized. It must be borne in mind however that these
processes are highly regulated both during development
and adult life in the sense that they take place only at precise

times during development and in specific cells and tissues.
The temporal and spatial regulation of gene expression is
at the root of the phenomena of growth and differentiation,
including of course their pathological alterations. For a long
time the molecular mechanism responsible for the regulation
of gene expression have eluded investigation, but in the last
few years there have been major breaks-through, largely
due to the development of recombinant DNA technology.
The various groups in the Programme of Gene Expression
have developed and exploited a variety of experimental
systems in an attempt to reproduce regulatory mechanisms
in vitro as a step towards understanding them.
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The differential expression of genes is at the root of the
phenomenon of cell differentiation. The dominant concept
which guides most of the investigations in this field has
taken a defined form in recent years: cell membranes contain a set of specialized receptor proteins which interact
either with other cells or with specific molecules present
in the surrounding environment; their interaction produces
a series of biochemical reactions, which ultimately affect
the activity and the specificity of gene expression within
the cell, leading to the establishment of the differentiated
state. At the moment there is a concentration of effort at
the two ends of this pathway and there is a substantial
gap in our knowledge of the region of the signal pathway
that links the events at the cell surface with the genes.
To fill in the gap one can attempt to proceed "downward",
from the established biochemical reaction induced by the
signal-receptor interactions, or "upward", starting from the
available information on the properties of the cell-specific
genes.
In the last few years we have investigated the mechanism
of gene expression in the hepatocyte. The spatial and temporal regulation of gene expression in liver is complex and
there are several induction-repression phenomena triggered
by hormones or xenobiotic substances. These phenomena
involve a large number of genes and there must be complex regulatory interactions which are responsible for the
maintenance of the differentiated state of the hepatocyte,
at the same time allowing for major changes in the specific
pattern of gene expression. We have concentrated mostly
on the regulation of transcription, characterizing cis-acting
signals and trans-acting factors, and more recently on the
identification of signal molecules which interact with specific hepatocyte receptors and are responsible for inducing
changes in gene expression. We have cloned and sequenced several liver-specific genes and their expression
was studied after transfection into human hepatoma celllines, in transgenic mice and in vitro. The main result of
our previous work is that, in general, the cloned genes
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contain, in their 5' flanking region, sufficient information for
cell-specific transcription both in vivo and in vitro and that
the same region is essential for the induction or repression
of transcription caused by several monokines secreted from
macrophages. By deletion and site-directed mutagenesis
we have identified several specific cis-acting elements and
several proteins that bind to them. In particular there are
two sites, A and B, which are either singly or in combination
present in all liver-specific promoters studied so far. They
bind to two transcriptional factors, which we named LF-A1
and LF-B1, whose activity is present only in liver extracts
and which is apparently responsible for the selectivity of
transcription. In addition, several other DNA-binding proteins
interact with liver-specific promoters, exerting a negative or
positive effect, contributing to the efficiency but apparently
not to the selectivity of transcription. Our results indicate
that the transcriptional complex of each gene, by virtue of
the specific combination of its components, has a unique
structure. This could account for the observation that liverspecific genes are transcribed at widely different rates and
in response to different stimuli.
During 1988 we have made substantial progress in the
analysis of liver trans-acting factC'rs.

The liver-specific trans-acting factors
LF-A1 and LF-B1

The DNA-binding and transcriptional activity of LF-A 1 and
LF-B1 is liver-specific. The two proteins have been purified
to homogeneity. For LF-B1 sufficient amounts could be
obtained for direct amino-acid sequencing. The sequence
of nine different tryptic fragments was determined and this
information was exploited to synthesize oligonucleotides,
which were used as specific probes to identify cDNA clones
from a rat liver cDNA library. The DNA sequence of the
positive clones revealed an open reading frame coding
for a 70 kD protein containing the sequence of all nine
tryptic peptides obtained by direct amino-sequencing. We

could establish that the cloned cDNA hybridizes to a 3,500
bases long mRNA species, detectable in liver and absent
in kidney, spleen and brain. The immediate conclusion of
this part of the work is that most likely the synthesis of
the liver-specific transcriptional factor LF-B1 is regulated at
the level of transcription. The future work will be aimed
at characterizing the corresponding gene, to clarify the
molecular mechanisms responsible for its regulation. Similar
work on LF-A 1 is in progress.
The characterization of LF-B2, a putative
repressor of liver-specific transcription
The binding of LF-B1 to the promoter of the Q1-antitrypsin
gene is prevented by sufficient amounts of LF-B2, whose
recognition site is partially overlapping with that of LF-B1.
We could show that LF-B2 is not a transcriptional activator.
Mutually exclusive binding of two DNA binding proteins,
only one of which is a transcriptional activator, has been
observed in liver and other systems. This phenomenon
might be important for negative regulation of transcription. A
cDNA clone expressing a fusion protein capable of binding
specifically to the LF-B2 site has been isolated from a liver
cDNA expression library. The characterization of the binding
properties of this fusion protein leads to the conclusion
that we have cloned the cDNA coding for LF-B2. Its DNA
sequence reveals that it codes for a Zn-finger protein.
Characterization of NF-1 L, a trans-acting
factor capable of activating or
repressing transcription
In previous work we obtained evidence that the transcriptional factor NF-1 plays a dual and complex role in the
expression of several liver-specific genes. In particular it
appears to be a repressor of transcription, when it binds at
a distal site on the promoter of the human albumin gene,
and it is an activator of transcrption when it binds at a
proximal site. NF-1 was purified to homogeneity from rat
liver and its partial amino-acid sequence was determined.
Corresponding oligonucleotides were used as probes to
screen a rat liver cDNA library and the positive clones
were sequenced. We could establish that several different
mRNAs derive from a single gene by alternative splicing:
they have identical DNA binding domains and differ in the
remaining part of the molecule. Northern analysis shows that
every tissue displays a pattern of NF-1 transcripts which
differ in size and relative abundance. This suggests that
there is a family of NF-1 proteins, all of which share an
identical DNA binding domain, to which different "modules"
are attached, responsible for different functions, such as
repression and activation of transcription, or, as it has been
documented in other laboratories, activation of viral DNA
replication. Alternative splicing might playa crucial role in
the regulation of the biosynthesis of the various NF-1 forms.
Additional regulation of the biosynthesis of diverse forms
of NF-1 might be exerted at the level of post-translational
modification. We could show that NF-1 is phosphorylated
and glycosylated and that the level of these modifications
differs in different cell-lines. Work is in progress to establish
a correlation between the various structural features of the
NF-1 proteins and their functions.

Characterization of the molecular basis
for interleukin-S (IL-S) dependent
Induction of the transcription of
haptoglobin and hemopexin
Transcription of several liver-specific genes is affected
by treatment of the cells with conditioned medium from
macrophage cultures (MoCM). This phenomenon is particularly interesting because in the liver hepatocytes are
in close contact with Kupfer cells, a specialized type of
macrophages. It is therefore an attractive possibility that the
maintenance of the differentiated state in the hepatocytes
depends on the paracrine influence of the neighbouring
macrophages. Previous work established that the active
factor present in MoCM and responsible for the induction
of transcription of the human haptoglobin and hemopexin
genes is IL-S. In addition we could show that the information
necessary and sufficient for the response to IL-S is located
in the promoter of these two genes. During 1988 we have
further characterized this system by constructing a series
of site-directed mutations in the two promoters. In this way
we identified a specific transcriptional signal, called IL-SRE,
whose integrity is essential for the response to IL-S. Two ILSREs are present in the promoter of the haptoglobin gene,
and one is present in the promoter of the hemopexin gene.
These IL-SREs are not only necessary for the response
to IL-S, but are also sufficient to confer IL-S inducibility
when they are fused to a normally non-responsive promoter.
We have also identified a DNA binding protein, specifically
recognizing the three IL-SREs, which is detectable in nuclear
extracts only after treatment with IL-S. We called this protein
ILS-DBP. These results suggest that the final step of the
IL-S dependent induction of the haptoglobin and hemopexin
promoters occurs through the inter.action of ILS-DBP with
the specific IL-SREs. The DNA binding activity of ILS-DBP is
induced by IL-S. The activation of ILS-DBP thus constitutes
the penultimate step of the series of reactions started by
the interaction of IL-S with the recently characterized IL-S
membrane receptor. The clarification of the molecular basis
for the activation of ILS-DBP will provide useful information to define the series of reactions responsible for the
transduction of the IL-S signal from the cell surface to the
nucleus.
Other activities
The identification of a nuclear protein capable of specifically
recognizing DNA cruciform structures was carried out by
Marco Bianchi. He was able to establish that the purified
protein is identical to the nuclear protein HMG1. Conclusive
proof was obtained by using recombinant HMG1 produced
in E.coli. Pierpaolo Di Nocera continued the work on the
characterization of the cis-acting elements responsible for
the activation of the Drosophila ribosomal RNA promoter.
He could establish that there are numerous repeated sequences upstream to the promoter, which activate transcription in an orientation-dependent manner. The extent of
activation appears to be linearly dependent on the number
of the repeats. Several lines of evidence suggest that the
effect is mediated by a mechanism substantially different
from that of conventional enhancers.
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Efforts have been concentrated on the genetic analysis of
the folding process of two model molecules, Rop and the
H-chain of ferritin.
Ferritin

During the past two years we have developed a system
which allows us to study the mechanism of folding and
assembly of ferritin in E.coli. Apoferritin is an attractive
molecule to study protein folding and molecular assembly
into complex structures.
(1)
(2)

(3)

The monomer has a size (183 amino-acids in the
H-chain of ferritin) comparable to the average size of
known protein domains.
Most importantly the structure of horse spleen apoferritin is known at high resolution, thus providing a
structural basis for planning site-directed mutagenesis
experiments and interpreting the results (Ford et al.,
1983). The monomer consists of a bundle of four
antiparallel a-helices (A to D). Helices Band Care
connected by a long loop traversing the whole bundle
and making contacts with the A helix. The carboxyterminal amino-acids are arranged in a fifth shorter a-helix
(helix E) that forms an acute angle with the main axis
of the molecule. Ferritin is a heteropolymer consisting
of two homologous subunits, Hand L, that assemble
in different proportions in different tissues. An apoferritin molecule is composed of 24 subunits arranged in
432 symmetry and forming a hollow shell pierced by
6 hydrophobic and 8 hydrophilic channels along the
four-fold and three-fold axes of symmetry respectively.
The molecule can be unfolded and efficiently refolded
in vitro and two rather detailed, but conflicting, assembly pathways have been proposed (Gerl & Jaenicke,
1987; Stefanini et al., 1987).

We have shown that the H-chain of human ferritin can exist
in two alternative conformations that differ in the position
of the E helix in the four-fold axis. Normally the carboxyterminal E helix points inside the apoferritin shell and the
alternative (E outside) conformation is not observed. By

isolating mutations that favour the E outside conformation
we want to identify the factors that influence this late folding
decision. We have shown that the hydrophobic interaction
along the four-fold channel is important in the attainment
of the native conformation (Luzzago & Cesareni, 1989).
By isolating similar mutants in the loop sequences that
connect helix D with helix E we have recently identified
the amino-acid sequences that are incompatible with the
sharp bending of the polypeptide chain. To summarize, the
mutants that we have isolated show two phenotypes:
(1)

(2)

In vivo, they cause the extrusion of the E helix toward
the outside of the shell. The yield and stability of
assembled protein, however, is not different from the
wild-type.
In vitro, the mutations prevent the refolding and/or
assembly of apoferritin in all the conditions tested till
now. Whether this second phenotype is reflected by a
slower rate of folding in vivo remains to be established.

Since the mutant ferritins are perfectly folded and assembled in vivo, this latter result indicates that the conditions that
have been successfully used to reconstitute unfolded wildtype ferritin in vitro do not exactly reproduce the conditions

in vivo.

Rop
Rop is a small dimeric protein that participates in the mechanism that controls the copy number of plasmid of the C01 E1
family by increasing the affinity between two complementary
RNAs. The Rop dimer is a bundle of four tightly packed
a-helices that are held together by hydrophobic interactions
(Banner et al., 1987). We have systematically altered, by
site-directed mutagenesis, most of the solvent exposed
amino-acids of the Rop bundle and we have identified the
alterations that cause a decrease of the activity of the
regulatory molecule (Castagnoli et al., 1989).
We conclude that Rop folding is rather insensitive to aminoacid substitutions and to other mutations as drastic as deletions and insertions. Looking along the two-fold symmetry
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axis the amino-acid side chains whose alterations affect the
function of Rop are all located on one side of the molecule.
Furthermore they are clustered at the extremities of the
a-helix bundle, the only exception being the aromatic ring
of Phe14.

Luzzago, A. & Cesareni G. (1988). Development of genetic selection for ferritin mutants defective in the folding
or assembly process. In Advances in Biochemistry and
Physiology of Iron Metabolism: eds. Arosio, P. & Albertini,
A; SLAS Int., Brescia, pp. 51-60

Further mutations in the hydrophobic interface between
the two helices of a subunit or between the two subunits,
identify the side chain interactions that are important for the
attainment of the native structure.

Murray, JAH., Cesareni, G. & Argos, P. (1988). Unexpected divergence and molecular coevolution in yeast plasmids. J. Mol. Bioi., 200, 601-607
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U snRNA gene transcription
U2

The functional analysis of the U2 gene promoter was continued this year. This pol II promoter consists of elements
typical for all vertebrate U snRNA gene promoters, the distal
sequence element (DSE) or enhancer and the proximal
sequence element (PSE). Both of these promoter elements
were analysed in great detail by means of site-directed mutagenesis. The PSE was shown to be a compact element,
almost certainly the binding-site for a single transcription
factor, located between 61 and 49 bp upstream of the
transcription initiation site. The DSE, on the other hand, is
complex consisting of 4 adjacent transcription factor bindingsites. This element is highly functionally redundant, perhaps
reflecting the requirement that U snRNAs be transcribed
ubiquitously in cell types whose complement of transcription
factors may be very different. U snRNA gene promoters
assemble transcription complexes whose properties are different from those generated on mRNA gene promoters.
The requirements for the assembly of a stable transcription
complex on the U2 promoter were investigated. In addition
to the PSE and DSE gene internal sequences were shown
to be necessary. Additionally, a very stringent requirement
for accurate transcription initiation was demonstrated. Mutant genes which initiated transcription inaccurately (3-5
bp upstream of the normal start site) were shown to be
defective in stable complex assembly, suggesting a role
for contacts with RNA polymerase II itself in transcription
complex stabilization.
U6

The U6 gene is both unusual and extremely complex. The
gene gives rise to two types of transcripts. One is an RNA
polymerase III transcript. This is the U6 RNA found in
snRNPs and required for RNA processing. The second is
an RNA polymerase II transcript which is longer than the
pol III transcript and of uncertain functional significance.

Both sets of transcripts require promoter elements (DSE
and PSE) which are functionally interchangable with the
homologous elements of the U2 gene. Additionally the pol
III promoter has two further, unexpected, requirements. It
needs a sequence which resembles both in position and
sequence a typical polymerase II TATA box. Also this gene
has a strong dependence on an element which overlaps
with the site of transcription initiation. One single G to C
transition at the position of transcription initiation reduces
the efficiency of the promoter to approximately 1-2%. The
properties of this "start site" element suggest that RNA
polymerase III itself may recognize and interact with it
directly. Much effort has been put into developing an efficient
in vitro transcription system for U6 which would enable us to
begin a biochemical characterization of this interesting gene.
Unfortunately, although we have so far obtained accurate
transcription, the efficiencies of the systems tested with the
Xenopus U6 gene have been uniformly low.
RNA-protein interactions in U snRNPs
With the goal of analysing the functions of U snRNP proteins we developed in vitro systems for the assembly of
U snRNPs. These were used to analyse the requirements
for assembly of U1 RNA with snRNP proteins. The results
obtained indicated that only two short stretches of the RNA
were required for accurate assembly, and suggested that
protein-protein interactions play an important role both in
the assembly and stabilization of U1 snRNP. These ideas
were confirmed by the analysis of RNA-protein binding using
U1-specific proteins made in vitro from transcripts of cDNA
clones. This method revealed that the affinity of individual
proteins for U1 snRNA is influenced greatly by the presence
of other proteins and that, in at least one case, the RNA
binding site of a particular protein is completely dispensable
for its assembly into the U1 snRNP. In other words, proteinprotein interactions can completely subsitute for the lack of
specific protein-RNA interactions in the snRNP assembly
pathway. The molecular basis of these effects, as well as of
protein-RNA binding in the U1 snRNP is proceeding.
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Productive infections with vaccinia virus, a ds DNA virus
replicating in the cytoplasm, proceed through two defined
phases, early and late, delineated by the onset of viral DNA
replication and characterized by the expression of different
subsets of genes which are scattered over the viral genome.
The transcription of early genes, starting immediately after
infection, is independent of de novo protein synthesis; the
enzymes and factors required for early transcription are
contained within the virus particle. Transcription in the late
phase is dependent on de novo protein synthesis and on
DNA-replication.
Intermediate transcription Is dependent
on DNA replication

We have investigated the phenomenon of replicationdependent activation of vaccinia genes by analyzing transcription from several different promoters. We have identified a novel class of vaccinia virus genes, named intermediate, which are expressed immediately post-replication
and prior to the onset of late gene transcription. Intermediate transcription appears to be dependent on trans-acting
factors which are present in an active state within virusinfected cells already prior to the onset of DNA replication.
However, the intermediate genes remain silent during the
early phase and are derepressed by DNA replication in
the absence of continued de novo protein synthesis. In
contrast, activation of late transcription (of genes containing the TAAAT sequence motif, see below) depends on
DNA replication and continued de novo protein synthesis.
Therefore, a subset of intermediate proteins is likely to
be trans-activators of late gene transcription. Replicationdependent switching in gene expression is a commonly
observed regulatory control mechanism in nuclear viruses
which has been known for several years. Vaccinia virus

provides a model system to study replication-dependent
control of gene expression, because we have been able
to mimick the temporal pattern of gene expression in vitro
. using cell-free extracts prepared at different stages of the
viral infection.
Regulation of late transcription

We have previously shown that late transcripts are discontinuously synthesized and contain an untranslated leader
sequence consisting of a homopolymeric stretch of approximately 35 A-residues upstream of the coding body of
the gene. This poly(A) leader, called poly(A) head, is not
encoded in the genome. The junction between the poly(A)
head and the coding body of the messenger is located
within a highly conserved late gene specific and essential
TAAAT sequence motif. This TAAAT motif is essential for
transcription initiation at late genes. We have studied the
effect of mutations in the sequences flanking this motif on
the level of expression and the
of 5' poly (A)
addition. We have shown that such mutations affect the
length of the poly(A) head added to the transcripts but not
the location of the junction between the poly(A) leader and
sequences encoded in the genome.
Cell free extracts have provided the means to study the transcription initiation at late promoters in great detail. Vaccinia
late genes are faithfully transcribed in such extracts whereas
cellular pol II and pol III promoters are not recognized. The
late viral transcripts synthesized obtain a poly(A) head of
approximately 35 nucleotides and are indistinguishable from
the mature in vivo RNAs. The poly(A) head is synthesized
de novo and its formation is part of the transcription initiation at the TAAAT sequence of late promoters, a process referred to as slippage or stuttering. In this model,
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the primary pppApApA transcript is laterally shifted in a
3' --> 5' direction and the proximal T-residue on the coding
DNA strand becomes unpaired. As a consequence a fourth
A-residue can be incorporated and several rounds of slippage and transcription would result in a 5' terminal poly(A)
sequence.
Our research now focuses on the identification and purification of the factors involved in the repression of intermediate
genes and in the activation of intermediate transcription
post-replication. For the identification of DNA-binding factors
we will make use of techniques such as footprinting and
gel retardation. Fractionation and complementation of the
available cell free extracts with different specificity of transcription will make it possible to establish functional assays.
We will also try to identify factors involved in switching the
mode of transcription initiation from "normal" during early
and intermediate transcription to a slippage type at late
promoters.

The biological significance of the po/yeA) head
An interesting question is the biological function of the
unusual 5' poly(A) leader. One explanation could be that
this poly(A) leader contributes to the stability and/or translatability of the late mRNA. It has been shown that sequences preceding the translation start codon can affect
the efficiency of translational initiation. In this respect, it
is important that in vaccinia virus, both DNA strands are
transcribed over a large fraction of the genome because of
the readthrough at late times of infection. The presence of
anti-sense RNA would result in a block in translation. The
poly(A) leader of the late messenger, however, would not be
in a RNA-RNA duplex and could facilitate translation of the
late messenger. This model could also explain the shut-off
of translation of other (early and intermediate) messengers,
which lack this leader. We are approaching these questions
by transfecting chimeric constructs consisting of a mutated
T3 promoter-reporter gene constructs (+/- an A-stretch introduced between RNA start site and coding body of the
gene) into cells infected with a vaccinia recombinant expressing active T3 RNA polymerase. A second approach
is the injection of in vitro synthesized RNA into infected
cells.

Vaccinia as an eukaryotic expression system
Vaccinia virus can be used as a vehicle for the expression of
foreign polypeptides. The viral genome has a large capacity
for stable integration of foreign genetic information (more
than 25 kb). An important feature of vaccinia virus is, also,
its capability to infect a very wide range of cells in culture.
Initially, we have explored with this system the expression
of various polypeptides which are either constitutively secreted (e.g. antithrombin III, interleukin-6 and hepatitis B
surface antigen), secreted via an inducible pathway (secretogranins), or pre-pro-hormones which are matured by
cleavage (e.g. proteins belonging to the TGF-,6 family). All
proteins appeared to be secreted in a fully modified and
biologically active state.
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Eukaryotic transcription factors
The vaccinia system has some additional properties which
are advantageous for the expression of eukaryotic transcription factors. The viral cis-acting regulatory signals involved
in transcription regulation are completely different from their
host counterparts and the host transcription and translation
is obliterated upon viral infection. Furthermore, eukaryotic
trans-acting factors are (in general) localized in the nucleus,
whereas viral transcription occurs in the cytoplasm. Therefore, lethal effects due to the expressed foreign polypeptides
are not likely to occur.
Finally, we are dealing with an eukaryotic system and the
expressed polypeptides are likely to be fully modified. This
property is very important because it has been demonstrated for a variety of transcription factors that the transcription factor activity is governed by post-translational modifications which can be induced in the absence of protein
synthesis.

Expression and characterization of CTFINF-/
The group of CTF/NF-I DNA-binding protein is implicated in
eukaryotic transcription as well as DNA replication. Adenovirus replication occurs via a protein-primed mechanism
which requires virus encoded precursor terminal protein,
DNA polymerase and DNA-binding protein (DBP) as well
as at least two nuclear DNA-binding proteins (NF-IICTF and
NF-Ili/OTF) from the host. Previously, we have expressed
the adenovirus encoded polypeptides. These proteins were
compared to extracts from
overexpressed at least 1
adenovirus infected cells and, when combined were fully
active in an in vitro replication system. Recently, the cDNAs encoding the HeLa and rat liver CTF/NF-I were isolated. Recombinant vaccinia viruses containing the cDNA
encoding the rat liver (or HeLa) transcriptional activator
CTF/NF-1 express high levels of the factor which accumulates in the nucleus. The specificity of DNA-binding of
the recombinant protein is indistinguishable from the authentic protein purified from rat liver and HeLa, respectively. The recombinant polypeptide appears to become
post-translationally modified obtaining several phosphate
side chains as well as N-acetyl-glucosamine as reported
for Sp-1 purified from HeLa. Finally, CTF/NF-1 produced
in vaccinia infected cells is stimulating adenovirus replication in vitro. We are now establishing the function of
the post-translational modifications as well as the domains
of the protein involved in DNA-binding and protein-protein
interactions.

Other transcription factors
We have expressed several different factors in collaboration
with other groups: e.g. c- and v-erbA and glucocorticoid receptor. These factors appeared to be functional with respect
to DNA and hormone binding. The detailed studies with erbA
lead to the identification of a previously undetected high
affinity binding-site located within an intron of the rat growth
hormone gene.
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Biochemistry of thyroid differentiation

Group leader: R. Oi Lauro
Fellows: H. Francis-Lang, R. Lonigro, M. Price, A.J. Sinclair
Visitors: O. Civitareale*, S. Guazzi*
Assistents: S. Ehrlich, U. Martin

The biosynthesis of thyroid hormones requires a complex array of functions, whose expression constitutes the differentiated phenotype of the thyroid follicular cells. Many thyroidspecific functions(Le. synthesis of thyroglobulin, trapping of
iodide, a thyroid-specific peroxidase, presence of a functional thyroid stimulating hormone (TSH) receptor, a defined
cellular morphology and a typical tissue organization) have
been described. In addition, the availability of a rat thyroid
cell-line (FRTL-5), which expresses in vitro most of the
thyroid differentiated functions, makes the thyroid system
a convenient one to study the mechanisms responsible for
the maintenance of the differentiated state.

Definition of the cls- and trans-acting
signals necessary for the thyroid-specific
expression of the thyroglobulin promoter
Thyroglobulin production is the best characterized marker
for the differentiated state of the thyroid cell. We have
previously shown that a 170 base pairs long fragment of
the thyroglobulin gene, containing the transcription start site,
functions as a promoter only in the FRTL-5 cell-line. In addition, only nuclear extracts prepared from the FRTL-5 cells
contain a protein (TIF-1) which binds to three sites in the
rat thyroglobulin promoter. Mutations in both the proximal
and distal TTF-1 binding site reduce both the binding of
TIF-1 and promoter activity suggesting that the observed
binding is essential for thyroid specific promoter function.
We have constructed mutations in the third binding site,
as well as in other region of the promoter to evaluate their
role in promoter function. Thyroid-specific expression of the
thyroglobulin promoter is then controlled, at least in part,
by the exclusive presence in the thyroid cells of a transcription factor (TSF-1). TSF-1 has been purified from calf
thyroid nuclei by chromatography on blue-sepharose, DNAsepharose and affinity chromatography on a sepharose
column to which we covalently attached a synthetic oligonucleotide containing the sequence of the TIF-1 binding site.
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The most purified preparation shows four bands on SDSPAGE. Denaturation-renaturation experiments have shown
that TIF-1 has a molecular weight of 17,000-24,000. The
DNA binding activity of TIF-1 requires zinc, suggesting that
it could be a finger-type DNA binding protein.

Isolation of thyroid-specific cDNAs
We want to extend our observations on the thyroglobulin
promoter to other thyroid-specific genes, to demonstrate
wether the mechanism of selective transcriptional activation
is in common. To this end we are constructing a thyroidspecific cDNA library, which could also be useful in the
attempt to isolate the gene for TSF-1. The library will be
constructed in a bluescript-based vector constructed by us,
which allows the directional cloning of cDNAs with high
efficiency.

Identification of genes necessary for the
maintenance of the differentiated phenotype
In thyroid cells
The expression of the thyroglobulin promoter is a differentiated phenotype of the FRTL-5 cells. We have fused the promoter to several markers which allow selection against their
expression. The three markers that we have chosen are:
a surface antigen (the lymphocyte-specific antigen T8), the
Eco-gpt gene and the gene coding for the catalytic moiety
of the diphtheria toxin. We have begun the construction of a
cell-line carrying all these markers under the control of the
thyroglobulin promoter in order to select, after mutagenesis
by viral insertion, against their expression. The mutants
should be in the gene(s) responsible for the maintenance
of the differentiated phenotype (defined as the expression
of the selectable markers from the thyroglobulin promoter)
in the FRTL-5 cell-line. The use of a virus for mutagenesis
should allow an easy rescue of the mutated gene(s).

Structural requirements In the thyroglobulin
molecule for thyroid hormone biosynthesis
(with L. Lamas, Departimento de Endocrinologia
Experimental, Facolta di medicina autonoma
di Madrid, Madrid, Spain)

We have introduced a segment of thyroglobulin cDNA,
coding for 250 amino-acids at the carboxy terminus of the
protein and known to contain one of the two main sites for
thyroid hormone biosynthesis, in a prokaryotic expression
vector. The thyroglobulin fragment, which is synthesized in
good yield in E.coli fused to the S.aureus protein A, has
been purified, iodinated in vitro and shown to be able to
synthesize hormones in vitro. We have also shown that
the efficiency of hormone synthesis (as measured by the

ratio hormone/iodinated tyrosines) is higher than the one
obtained with other proteins iodinated in vitro (e.g. bovine
serum albumin) and is very close to the efficiency of the
entire thyroglobulin molecule. In addition, most of the synthesized hormone is contained in a single tryptic peptide
whose sequencing is in progress to test wether the site of
hormone formation is the same as in vivo.
Publication during the year
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Structural and functional analyses of mammalian spliceosomes

Group leader: A.1. Lamond
Fellows: S. Barabino*, B. Blencowe*
Student: G. Lamm*
Visitor: E. Carle maim
Assistant: U. Ryder

The excision of intervening sequences (introns) from nuclear
mRNA precursors (preRNA) involves the assembly of the
preRNA into a complex RNP structure that is termed a
spliceosome. It is known from previous in vitro studies
that the spliceosome is a large structure, 50-60S, that is
composed of multiple sUb-units which bind to preRNA in a
sequential, ordered pathway to form a functional spliceosome. Formation of a mature spliceosome is thus preceded
by the assembly of intermediate, pre-splicing complexes.
The major sub-units of the spliceosome are small nuclear
ribonuclear protein particles (snRNPs), in particular U1, U2,
U4/6 and U5 snRNPs. Most probably in conjunction with
other protein factors these snRNP particles are able to bind
to the preRNA at the appropriate splice junctions, bring the
5' and 3' splice sites together and then catalyze precise
excision of the intron sequences. We are studying the structure and function of mammalian splicing complexes, with the
immediate aim of describing the mechanism of splicing in
more detail and the longer term goal of understanding how
RNA splicing can be regulated as a means of controlling
eukaryotic gene expression.

Analysis of modified RNA oligonucleotides
In collaboration with Brian Sproat we have developed modified RNA oligonucleotides as tools for the analysis of RNP
complexes. 2'OMe RNA oligonucleotides were synthesized
at EMBL as described elsewhere in this Annual Report by
Brian Sproat. We have shown that this modified RNA is
completely resistant to nucleases that cleave either RNA
or DNA alone. Interestingly, phosphodiesterases with dual
RNA/DNA specificity vary enormously in their ability to
cleave 2'OMe RNA; e.g. snake venom phosphodiesterase
cleaves very efficiently while S1 nuclease does not cleave
at all. In addition we have found that RNA sequences
hybridized to 2'OMe oligonucleotides are not cleaved by
RNase H, with the important corollary that stable hybrids can
thus be formed in crude nuclear extracts which contain high
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levels of endogenous RNase H activity. This latter property
has been exploited to bind 2'OMe oligos to single-stranded
regions of snRNP particles in HeLa cell nuclear extracts.
These experiments provide information regarding the structure of snRNP particles i.e. indicating which regions of the
particles are accessible to oligo probes. Additionally, the
functional role of separate snRNP domains in the process of
mRNA splicing can be investigated using the 2'OMe oligos
to perform "antisense" inhibition experiments. Studies on
the U2 snRNP particle, a major subunit of the spliceosome
which binds to preRNA at an early stage of spliceosome
assembly, have revealed two regions of the snRNA that can
form stable hybrids with 2'OMe oligo probes. Both regions
are located at the 5' end of the U2 snRNA and the binding of
oligos at either position blocks splicing in vitro. The splicing
inhibition caused by these oligos results from a failure to
complete spliceosome assembly. Independent binding of
the oligos to the separate regions of U2 snRNP results in
an arrest of spliceosome assembly at a different stage in
the pathway in each case, indicating separable domains
of function within the particle. A similar study is currently
underway to map the U4/U6 snRNP particle.

Electron microscopy of splicing complexes
In collaboration with Arthur Jones and co-workers we have
undertaken a project to analyse the structure of splicing
complexes by direct visualization in the scanning transmission electron microscope (STEM). The STEM is especially
well suited to such studies because of its high efficiency in
dark field mode, thus making possible the ready detection
of regions of single-stranded RNA. With the assistance
of Brian Sproat and Michael Beer we have succeeded in
developing a procedure for the simultaneous purification
and sequence-specific labelling of preRNA bound to splicing complexes. This was achieved by hybridizing 2'OMe
RNA oligonucleotides (carrying 4 biotin residues at the 5'
terminus) to a sequence at the 3' end of an in vitro synthe-

sized preRNA and then coupling the preRNAloligo hybrid to
streptavidin coated gold particles. The large mass of the
gold particles allows purification of associated structures
by a simple centrifugation procedure and also provides an
unambiguous label for subsequent visualisation of complexes in the microscope. As the position of binding of
the gold to the preRNA is determined by the sequence of
the biotinylated 2'OMe RNA oligonucleotide, the gold also
provides a clear topological marker with which to map the
position of interaction of complexes with preRNA sequences
and aids the alignment of separate pictures for comparison.
Examples of such STEM images are presented in the report
of Arthur Jones' group. We plan to extend this analysis by
using previously characterized mutant preRNAs, that are
blocked at different stages of spliceosome assembly, to
prepare and image the different complexes formed during
the pathway of spliceosome assembly. Structural mapping
of these complexes will be carried out by using secondary
and tertiary oligonucleotide labels, coupled to different sized
streptavidin coated gold particles and complementary both
to different regions of the preRNA and to exposed regions
of RNA in the snRNP subunits of the spliceosome (e.g. the
5' terminus of U2 snRNA as described above).
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Structure and function of yeast snRNPs

Group leader: D. Tollervey*
Fellows: T. Dandekar*, V. Ribes*

We are attempting to use a combination of molecular genetics and biochemistry to study the structure and in vivo
function of two classes of ribonucleoprotein (RNP) particle:
the small nuclear RNAs (snRNAs) and signal recognition
particle (SRP). In the past year the focus of our research has
largely shifted from the budding yeast Saccharomyces cerevisiae to the very distantly related fission yeast Schizosaccharomyces pombe. The available evidence suggests that
in S.pombe these particles resemble more closely those of
higher eukaryotes than do RNPs of S.cerevisiae.

or 6, was identified. From Iysates of S.pombe this antibody
recognizes a 16 kD snRNP protein and precipitates a group
of at least 12 moderately abundant snRNAs. The function
of this group of snRNAs is unknown, but as they appear
to be nucleoplasmic and are associated with at least one
protein immunologically related to vertebrate SnRNP proteins, we would speculate that they are involved in aspects
of pre-mRNA processing other than splicing. The presence
of this group of snRNPs is not unique to S.pombe; a similar
group of snRNPs are specifically precipitated from Iysates
of Aspergillus nidulans by these antibodies.

snRNPs

Anti-(U3)RNP sera do not precipitate the above snRNAs, but
precipitate approximately 12 further snRNAs, including the
analogue of U3. From vertebrate cells these sera recognize
a 36 kD protein specifically associated with U3 snRNPs, and
from S.pombe an anti-(U3)RNP serum recognizes the analogue of this protein. Two genes encode U3 in S.pombe and
these genes have been cloned. Again, this class of snRNPs
is not unique to S.pombe. From Iysates of S.cerevisiae anti(U3)RNP sera also precipitate several snRNAs, including at
least 6 species previously shown to be hydrogen-bonded to
pre-rRNA (Tollervey, 1987b).

Previous work has shown that S.pombe contains a substantial number of small nuclear RNAs (snRNAs); approximately 40 species are resolved by two-dimensional gel
electrophoresis (Tollervey, 1987a). Such a large number
of snRNAs would clearly be difficult to analyse genetically.
However, by making use of human autoimmune sera directed against the protein components of the snRNPs, we
have been able to distinguish four groups of snRNPs which
are immunologically and, at least partly, functionally distinct.
From Iysates of S.pombe, anti-Sm sera precipitate the
spliceosome associated snRNAs U1, U2, U4, U5 and U6,
and U1 is also precipitated by anti-(U1 )RNP sera (Tollervey
& Mattaj, 1987). Surprisingly, three Sm sera tested distinguish between U2, U4 and U5 and U1. By Western blotting
of partially purified snRNP proteins, analogues of common
Sm proteins, possibly D and F, were identified, as were the
probable analogues of the A protein and other U1-specific
proteins. A number of sera active against S.pombe snRNPs,
do not detectably precipitate snRNPs from S.cerevisiae,
indicative of a lower degree of snRNP protein conservation
in the latter species. The genes encoding U1, U2 and U4
have been cloned from S.pombe. We have commenced
an analysis of the single copy genes encoding U2 and
U4. Both RNAs show high primary and secondary structure
homology to vertebrate RNAs, and both have been shown
by molecular genetic techniques to be essential for viability.
A monoclonal antibody specific for the human B/B' polypeptides, which does not detectably precipitate yeast U1, 2, 4, 5
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A small number of additional snRNAs are not detectably
precipitated by any anti-serum tested to date. Further analysis may identify anti-sera specific for these snRNPs. The
most abundant snRNA of this class is designated SPU43;
the gene encoding this RNA h.".s also been cloned.
SRP

We have cloned the single copy gene srp7, which encodes
7SL RNA, the RNA component of SRP. 7SL RNA from
S.pombe shows good secondary structure homology to
mammalian 7SL and is essential for viability.
Currently we are testing cloned 7SL from human and other
eukaryotes, as well as a homologous bacterial RNA, for
their ability to function in S.pombe, as judged by their
ability to complement srp7- mutants. In addition, we are
purifying SRP from S.pombe with a view to cloning the
protein components.
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Physical Instrumentation Programme

Introduction

This year has been notable first for a substantial increase in
the biological applications of both the STEM and CryoSTEM,
mainly because Prof. Michael Beer spent a sabbatical year
with us, and Eric Carlemalm. previously at the Biozentrum
Basel, came as a visitor. Thus we have had a substantial
increase in dedicated users within the group. This has
enabled additional collaborations within the Laboratory, in
particular with the Gene Expression Programme.
The range of imaging modes available on the CryoSTEM, already greater than on any competitive instrument, continues
to increase. A new data-acquisition system for the charge
coupled device (CCD) parallel detector will allow up to four
elemental maps to be produced simultaneously and a new
multi-segment silicon detector designed in collaboration with
Christian Boulin will make two alternative phase-contrast
imaging modes together with variable-geometry dark-field
operation possible.
The prototype corrector for the proposed low voltage scanning electron microscope (LVSEM) is now complete and will
be tested early in the new year.
The final modifications have also been made to the current version of the beam scanning confocal microscope,
collaborations with cell biologists using the instrument were
established and the development of a new generation of
confocal microscopes was initiated. These are based on a
conventional inverted research microscope with the instru116

mentation for confocal microscopy attached to it, so that the
user can switch between the conventional and the confocal
mode.
Considerable effort has also been put into the development
of software, both for the confocal microscopes and for the
analysis of images that are recorded with a video microscope either in fluorescence, or in Nomarski contrast (in
collaboration with Thomas Kreis). The long-term goal of this
latter project is the automatic tracking of particles and the
automatic analysis of intracellular motion.
Following the lines of the software development started
last year for the automation of
sample preparation, a
new hypercard-based software package for multiple peptide
synthesis has been implemented. This package allows the
automatic generation of robot software and is an important
step towards setting up a peptide production workstation.
Two commercial area detector systems (Nicolet X1 OOA and
Enraf-Nonius FAST) were installed in December 1987. Software systems have been installed, developed and maintained. The relative performance of the two instruments
over the year has been evaluated in terms of fundamental
parameters, reliability and usage on current problems in the
Biological Structures Programme. In December 1988 a third
system (MAC Science, DIP 100) based on Fuji image plate
technology has been installed and is currently undergoing
preliminary trials.

Electron microscope development

Group leader: A. Jones
Scientists: M. Haider, W. Tichelaar
Visitors: M. Beer*, E. Carlemalm, S. Lanio*
Assistants: J. Khazaie, R. Morrison, G. Schafer

This year has seen a substantial increase in the applications of both the STEM and CryoSTEM, mainly because of
Michael Beer, spending a sabattical year with us, and Eric
Carlemalm, previously at the Biozentrum Basel, we have
had a 200% increase in dedicated users within the group.
This has enabled additional collaborations within the Laboratory, in particular with the Gene Expression Programme.
The development and application of the STEM and
CryoSTEM continues to concentrate on those features
which are unique to STEM. These are the multiplesimultaneous-imaging capability, the high efficiency and linearity of the dark-field imaging mode, the absence of postspecimen imaging lenses and the ease of on-line computer
data acquisition with its consequent facility for quantitative
electron microscopy. The STEM is therefore particularly
suited to the following areas of application:
(a)
(b)
(c)
(d)
(e)

tion, this imaging mode has a very low collection efficiency
which in turn limits the resolution, especially for biological
objects. To overcome this limitation, different types of phasecontrast imaging have been proposed. These are differential
phase-contrast using a split detector (Dekkers & De Lang)
or a quadrant detector (Rose), or an improved conventional
phase-contrast mode proposed by Rose using an annular ring detector (with at least two rings) (see Plate 42).

mass determination;
morphological and localization studies of thin aperiodic
objects;
high resolution labelling using small heavy atom clusters;
electron energy loss spectroscopy and elemental mapping;
development and application of novel imaging modes.

It is our aim to apply the STEM in these areas to biological
questions to obtain information that cannot be obtained
using other techniques.
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Instrumental developments
PROCESSING UNIT

Multisegment detector for CryoSTEM
(with A. Epstein & C. Boulin)

The resolution obtainable with a STEM compared with a
conventional TEM has been the subject of many discussions. For the discussions to be meaningfull, both instruments should be used in the same imaging mode. For high
resolution TEM of biological specimens phase-contrast is
the imaging mode normally used. In normal STEM opera-

PLATE 42
Schematic diagram of multi-segment detector
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In addition to its high collection efficiency, this latter has the
advantage of an improved phase-contrast transfer function
compared to that of a TEM. For example, at optimum defocus it exhibits no inverse contrast (which prevents artifacts
and it is much closer to the optimum PCTF) and also
transfers higher spatial frequencies.
We have extended this concept and have constructed a
mUlti-segment detector consisting of 32 concentric annuli
each of which is split into 4 quadrants - a total of 128
separate detectors. This enables us to combine in a single
detector module both the phase-contrast imaging modes
described above together with a variable-geometry true
dark-field detector. This latter imaging mode is, as described in last year's report, unique to the CryoSTEM.
Further advantages of the new detector are the ease with
which it can be matched to the optical parameters of the
probe-forming system together with the ability to produce
multiple dark-field images with different acceptance angles
to emphasize specific characteristics of the specimen e.g.
a larger acceptance-angle would emphasize the signal from
heavy metal labels. The detectors are operated in pulsecounting mode and the control electronics contains separate
pulse amplifiers and discriminators for each detector. The
individual detectors can be combined under software control
to provide four separate simultaneous output signals. A full
description is given in the report of the Boulin group. The
mUlti-segment detector has been fabricated using lithography techniques by an outside company. It is mounted
on a thin ceramic carrier plate (see Plate 43) and will be
installed in the CryoSTEM as soon as the control electronics
is completed and bench-tested.

Development of the parallel recording system
for the spectrometer
The spectrometer parallel detector for use in spectral analysis and elemental mapping is now complete and has been
used to check the focusing and correcting properties of
the spectrometer. The spectrometer can be focused onto
a single element of the linear diode array. The energy
resolution is therefore limited to approximately 1.S eV by
the spatial resolution of the detector. Although this is perfectly adequate for normal operation we have designed and
constructed an additional multipole element which will when
installed provide an option to increase the dispersion (and
consequently improve the resolution) by a factor of 10.

Modifications to the cryo-Iens stage
As described in last year's report, one of the unique features
of the CryoSTEM is the high-excitation objective lens which,
in combination with the corrected spectrometer, makes
possible the true dark-field imaging mode (unique to the
CryoSTEM). The critical feature of this lens is the formation
of an additional cross-over to provide an effective angular
demagnification between the specimen and spectrometer.
The exact position of this cross-over is, however, critically
dependent on the axial position of the specimen itself. Not
surprisingly, it has proved difficult to obtain a high degree of
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PLATE 43

Completed multi-segment detector prior to installation.

reproducibility in this position when changeing specimens.
To overcome this problem we have designed and constructed (with J-C. Homo, Strasbourg, the original designer
of the specimen stage) a modified stage incorporating an
axial movement to compensate for variations in specimen
height. This will also provide a degree of additional flexibility
in setting the acceptance angles of the various detectors.
The modified stage is complete and will be installed at the
first convenient opportunity (to avoid interrupting the present
applications of the CryoSTEM).

Freeze-dryer
Our mass measurements have so far been carried out with
air-dried specimens. The method of choice is freeze-drying
in vacuum (see Research Report 1987). We investigated
the possibility of freeze-drying in situ in the HBS STEM.
Using tobacco mosaic virus (TMV) in a low concentration
and volatile salt buffer as a test sample, this appeared
to be feasible. In the HBS STEM however, freeze-drying
has to be carried out without a cold trap, and only one
specimen at a time can be handled. To overcome these limitations, a stand-alone freeze-dryer has been designed (in
collaboration with J.-C. Homo, St,asbourg) and is presently
under construction. This freeze-dryer is based on a clean
(oil-free) vacuum system evacuated by a turbo-molecular
pump. A liquid-nitrogen container functions both as a cryopump and a cooling source for the specimens. The specimen temperature is varied by a small heater installed
between the liquid nitrogen container and the specimen
holder and is controlled by an external programmer. The
specimen holder can hold up to six specimens which can
be inserted via an air-lock.The freeze-dried specimens can
also be transferred under vacuum to the HBS STEM using
a portable airlock. The freeze-dryer and the new air-lock
for the HB5 STEM are almost complete and should be in
operation early in the new year. In the course of 1989,
an additional air-lock will be constructed for use with the
CryoSTEM.

Support for the Biological
Structures Programme
The electron microscope development group also provides
support for the electron microscopy activities within the Biological Structures Programme by designing additional instrumentation for the conventional electron microscopes. This
year, the main project was the provision of cryo-microscopy
facilities on the newly acquired JEOL 2000 microscope. To
this end we have designed and constructed a LN2-cooled
side-entry specimen holder (based on concepts developed
by Henderson and co-workers for the Philips EM400) together with a removeable cryo-shield similar to that which
we had previously designed for the EM400. These devices
will be ready for installation and test early in the new
year.

Low-voltage scanning electron microscope
The aim of this project is to make possible high-resolution
imaging of the surface structure of biological specimens.
Conventional scanning electron microscopy at relatively
high energy has a number of disadvantages for this application. Either the electrons pass right through the specimen (if the specimen is thin) and the resulting image
is a composite of the surface and bulk structures or, if
the specimen is too thick for this to happen, the specimen, being non-conducting, becomes charged and deflects the scanning beam. To overcome these charging
artifacts, the specimen must be coated with a metallic layer which (a) obliterates fine detail in the structure and (b) precludes any possibility of using metallic labels (q.v.). Low beam energies suffer from neither
of these disadvantages but present numerous technical
difficulties which have not yet been overcome in any
commercially-available microscope. Basically, the problem
is that, to obtain high resolution at low energies, the objective lens aberrations, in particular the chromatic aberration, must be reduced to a value an order of magnitude lower than is presently obtainable with the best
conventional lenses. This is best done by using multipole correctors. Such a corrector forms the basis of our
design which is being developed as a collaborative venture between EMBL, Prof. H. Rose of the Technische
Hochschule Darmstadt, and a commercial company which
is interested in the application of such an instrument to
semiconductor studies. Since the corrector is central to
the design of the instrument and also represents technology which has never been successfully integrated into
a scanning microscope, we have concentrated our efforts
to date almost exclusively on solving the problems involved in constructing such a corrector. For this work,
Stefan Lanio, an ex-student of Prof. Rose presently employed by our commercial partners has been seconded
to us for the year. We now believe that the major manufacturing problems have been solved and the recently
completed prototype (Plate 44) will be tested early in the
new year. In the meantime, the design of the prototype
optical column has been completed and construction can
commence as soon as the corrector has been successfully
tested.

Biological applications

Mass determination
The STEM, with its serial data collection and on-line
computer connection is ideally suited to quantitive electron microscopy, of which mass determination is the bestestablished example. This technique has now been offered
for some time on the HB5 STEM and Willem Tichelaar has
again as in the preceding years collaborated with a number
of people both inside and outside EMBL on projects in
which accurate mass or mass-density measurements could
resolve specific structural questions.
In collaboration with Gail Hutchinson and Kevin Leonard,
the mass per unit length of the helical filaments of Neurospora crassa cytochrome reductase core protein has been
determined: 5.0±0.7 x 103 DJ. A This value corresponds to
a mass of 91.7±13.1 kD for the core protein. This mass
agrees with the other results obtained by Hutchinson and
Leonard, indicating a 1:1 stoichiometry for the core subunits 1 and 2, also in the complete enzyme, which had
not been considered to date. Also in collaboration with
Hutchinson and Leonard, the mass of the chaperonins from
Neurospora crassa has been measured: 830±130 kD. This
result confirmed that the chaperonins consist of 14 subunits
of 60 kD each, at which each subunit would consist of 2
domains. In collaboration with John Trinick (visitor in the
Leonard group), the mass per unit length of titin-2 from rabbit
skeletal muscle has been determined: 3.0±1.0x 102 Df. A
This result, combined with other data, supports the view that
a single titin(-1) polypeptide chain spans the entire distance
between the Z-line and the M-line (1.1-1.2 J.l-m in resting
muscle).

PLATE 44
Prototype multipole corrector.
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PLATE 45
1 nm colloidal gold particles imaged at various electron doses:

(a) 100 e-' A2; (b) 8 e-' A2; (c) 2 e-' A2. Bar=40 nm.

Labelling with heavy atom clusters
The demonstration of the visibility of single heavy atoms with
the STEM in 1970, stimulated considerable effort toward
the development of techniques for single-atom labelling of
biomacromolecules. However, the efforts were not immediately successful, mainly due to the tendency of the atoms to
move under the (by biological standards) enormous electron
dose required to adequately image single atoms (approx.
103 elA 2). This dose is such that no meaningful resolution can be expected from biological specimens. Considerable efforts have therefore been made, particularly by the
Brookhaven STEM group, to produce heavy atom labels
somewhat larger in size. Two possibilities are an undecagold
and a undecaplatinum cluster which are approx. 10 Adiameter. We have successfully imaged the undecagold cluster
in the CryoSTEM at a dose of 102 el A2 . A more promising
label for the future could be the colloidal gold particle which
we have recently obtained from Jan de Mey. It also has a
diameter of about 10 A, but it can be detected at a much
lower dose
e- I A2) than is needed for the undecagold
cluster (Plate 45).
The following are examples of current projects using heavy
metal labels. We expect a considerable expansion of these
activities in the coming year.
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Study of splicing complexes
(with A.I. Lamond, M. Beer & B. Sproat, EMBL)

In eukaryotes, RNA splicing is accomplished by a large
RNA-protein complex, the spliceosome. The particle is
formed in vitro by incubating mRNA precursor (preRNA)
with a nuclear extract - a more detailed description of the
spliceosome and its function is given in the report of Angus
Lamond's group. The aim of the study is to investigate the
structural arrangement of the splicing components during
assembly of the particle on the preRNA during splicing. The
nuclear extract with the spliceosomes is too crude to be
amenable to electron microscopy without purification. We
therefore developed a tag consisting of streptavidin-coated
colloidal gold and a 2'OMe-modified oligonucleotide, complementary to the 3'-end of the preRNA, which allows us to
enrich the splicing complexes by low speed centrifugation.
Colloidal gold and oligonucleotide are linked to each other
via a biotinylated spacer covalently bound to the nucleotide
as shown in Plate 46(a). Grids are prepared by letting a 4 1'1
drop of splicing complex adsorb to moderately hydrophobic
carbon film followed by positive staining with 0.5% uranyl
acetate. Excess liquid is sucked off from the rim of the grid
in order to stretch the RNA. The grids are then observed
in STEM dark field. STEM was chosen because of its high
collecting efficiency in dark field which makes it the most

PLATE 46

Streptavidin-Gold labelled RNP complexes (see text for details).
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PLATE 47
(a) Labelled and (b) unlabelled myosin (for further explanation see
text). 8ar=40 nm.

suitable microscope for observing low contrast specimens.
The preparation procedure was established by preparing
pure preRNA in vitro. An example of the result is shown in
Plate 46(b). High magnification micrographs of RNA bound
to a splicing complex show a round to kidney-shaped particle (most likely dependent on the particle orientation) which
is attached to the colloidal gold by a string of RNA. The
distance between the particle and the gold corresponds well
with the value calculated from the known sequence of the
3' exon (Plate 46(c)). In some pictures (Plate 46(c) and(d))
one can see loops, presumably of RNA, extending from
the particles. These loops may be an indication of how
the intron is handled during the splicing procedure. The
structures described cannot be found in samples incubated
under conditions which do not allow splicing, e.g. without
ATP.
Myosin studies

The aim of this study is to obtain a high resolution localization of the regulatory light chain in the myosin molecule of
bay scallop, Aequipectans arradians, using the undecagold
cluster (in collaboration with A.G. Szent-Gyorgyi, Brandeis
& W. Jahn, Heidelberg). The regulatory light chain can be
reversibly detached from scallop myosin, and has been labelled with the cluster. Using the CryoSTEM, we succeeded
in imaging the clusters (attached to one site) in the neck
region of the myosin molecules (Plate 47). Compared with
the control sample, a significant number of paired "dots"
were observed in this region at an electron dose of 2x102
ef A2. Yet, judged by visual inspection, the signal-to-noise
ratio of the clusters is poor compared to specimens consisting simply of clusters on a carbon film. Further studies are
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needed to establish if the localization can be carried out with
sufficient statistical significance.
Labelled ribosomes

The undecagold cluster has also been attached to one
protein (L 11) of the ribosomal 50S subunit of Escherichia
co/i(in collaboration with T. Arad, Weizman Institute) in order
to determine the position of this protein within the ribosome.
Due to the high mass of this molecule
MDa) it is very
difficult to detect this small cluster (which has a core
A
diameter) within the large ribosome (diameter of
nm).
This work is still in progress and will also be carried out
using two-dimensional crystals of unstained 50S subunits.
Novel imaging modes

A new project carried out by Max Haider in collaboration with
E. Kellenberger & B. Bohrmann, Biozentrum, Basel, which
makes use of one of the unique features of the CryoSTEM
spectrometer, is the measurement of RNA concentration in
Dinoflagellates. The fundamental problem to be solved is
that of carrying out quantitative microscopy on unstained biological sections. Using normal (TEM) imaging modes, contrast due to mass variations cannot be separated from that
due to thickness variations in the section itself. This problem
can be overcome by utilizing pure Z-contrast imaging, a
technique first proposed by Crewe et al. and later applied to
biological objects by Carlemalm and Kellenberger. Basically,
Z-contrast is obtained by dividing the signal produced by
the elastically-scattered electrons (dark-field image) by that
produced by the inelastically-scattered electrons. At present
the CryoSTEM is the only instrument in existence which is

capable of producing a true dark-field image since the combination of high-excitation objective lens and high-dispersion
spectrometer allow the dark-field detector to be placed after
the spectrometer where it accepts only elastically-scattered
electrons. In all other existing STEMs, this detector must be
situated before the spectrometer and collects a mixture of
elastically and inelastically-scattered electrons. The project
is at an early stage and will be continued in the new
year.
The structure of Escherichia coli RNA polymerase
promoter complexes (W. Tichelaar with
H. Heumann, Martinsried & M.G. van Heel, Berlin)
Following the single particle image analysis of negativelystained core enzyme (see Report 1987), we have started
a study of a holoenzyme promoter complex. The promoter
is the T7 A 1 promoter, which is contained in a 130 bp
DNA fragment. The structural study of such a complex is
still only possible with non-crystallographic techniques. Vitrified specimens were prepared according to the perforated
foil technique. Such specimens are ideal for imaging both
protein and DNA, the elucidation of the internal structure
of the complex, and for reducing artifacts due to surface
interactions and drying. Images were recorded with the
TEM, resulting in a data set consisting of 5000 particles
which is presently in Berlin for analysis.
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Microcomputing and data acquisition

Group leader: C. Boulin
Scientists: E. Cistac, A. Epstein, R. Kempf*, P. Leyendecker, A. Moussavi*, P. Tucker
Trainees: L. Landeman*, S. Wisshaupt*
Visitors: B. Arnoux*, C. Betzel*, S. Cusack*, Z. Dauter*, B. Dijkstra*, J. Drenth*, A. Ducruix*, L. Hansen*, E. Hough*, J. Jaeger*, C. Kalk*,
M. Kokkinidis*, N. Nassar*, L. Somers*, J. Stezowsky*, J-C. Thierry*, M. Willmanns*

Modern instrumentation development requires an increasing
work on the microcomputing involved (both hardware and
software) especially if the instruments have to be at the
same time powerful, reliable and user-friendly. The use
of up-to-date development tools for designing hardware is
essential if one has limited manpower resources and wishes
to keep the engineering time to a minimum. We have,
therefore, acquired a printed circuit package running on a
Mac II. This will provide us with better schematic capture
facility, improved simulation tools, lead to better printed
board design and last, but not least, good documentation
and drawings of the equipment produced. We have also
enhanced our software and hardware tools to make use of
the newest PAL's and GAL's. Such components (as they
continuously see their number of gates increasing) allow for
a drastic reduction in the number of integrated circuits for a
given design, therefore improving reliability and simplifying
the future maintenance of the produced electronics.

X-ray area detectors for Biological Structures Programme and data acquisition
The Enraf-Nonius FAST and Nicolet/Siemens X100A area
detector systems were installed at the end of 1987. Over
the past year the two systems have been evaluated and
compared both by ourselves and by visiting scientists from
other Member State laboratories. They have also been used
to collect useful data on a number of projects.
A summary of the comparison of fundamental characteristics of the two systems is given in Table 1. Table 2 contains
selected comparative measurements based on internal con-
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sistency of the data. Other means of comparison (scaling
against diffractometer data, measurement of anomalous
signal, signal-to-noise ratio in difference Fourier syntheses
and refinement against known coordinates) have been, or
are being, used. Since, based on the results to date, they
correlate strongly with internal consistency, they are not
elaborated upon further. It will be ciear that the FAST system
has, in general, given less satisfactory results. Data collected before August 1988 suffered from an installation fault
and, consequently, greatly reduced incident beam intensity.
Even after correction of this fault there is some evidence
that, for weakly diffracting crystals, temperature induced
fluctuations in the non x-ray background are problematic.
The problem is being addressed.
Different software systems have been installed, maintained
and compared. The results of different integration algorithms on each instrument have been evaluated. Software to determine optimum data collection strategy is being developed. Data collected on crystals of the following materials has led to progress towards, or completion
of, high resolution crystal structure determinations: aspartate aminotransferase (Janson ius, Jaeger), adenovirus DNA
binding protein (Tsernoglou, Tucker A., Tucker, P.), colicin
A (Tsernoglou, Parker, Tucker A.), collagenase (Arnoux,
Ducruix), DNAse1/actin complex (Suck, Lahm), DNAse1
octanucieotide complex (Suck, Lahm), proteinase K inhibitor
complex (Tsernoglou, Pal, Kavounis), Rop (Tsernoglou,
Kokkinidis), savinase (Betzel) and seryl-t-RNA synthetase
(Cusack, Nassar). In December 1988 a commercially available area detector system (MAC Science, DIP100) based
on Fuji Image Plate technology was installed. Evaluation of
this instrument is in progress.

Active Area:
Binned
Actual size
Active pixels
FW1%M
Maximum number of
resolution elements
Other limitations

Table 1
A Comparison of Fundamental Characteristics of the
Nicolet X100-A (X) and Enraf-Nonius FAST (F) Systems
X
F

51U512

ca. 100 mm diameter
-236K
pixels. Varies by 20% in detector X.

46.8-.1£2.4mm
-240K
6*7 pixels. Constant

-12K
FW1%M doubles (parallax) when angle
of incidence to face normal 15 degrees

-6K
None known

Dynamic range

-225 c'pixelis or about 1.5KHz per
resolution. Long recovery time if
limit reached.
15% loss at 30KHz, deadtime correctable.
-5 * 104

-300 c'pixelfs gives ADC overllow.
Could be software corrected.
FW1%M increase 1-2 pixels at limit.
None
2.5 * 103 extendable on bright

Resolution limitations

Effectively none

-2.0 A for ca. 150 Aaxis. Would be
improved by installation of
"short arm" goniostat.

Adequately performed. Very stable even
at different sample-detector distances.
Adequately performed. Variation greater
than for X but very stable.

Residual features

Adequately perlormed. Needs to be done
at sample-detector distance to be used.
Not properly treated. Will result in
systematic errors in data due to residual
variation of ca. 15% in some regions
Anode wire modulation

Goniostat

Full sample orientation not possible

Full sample orientation capability.
Proper absorption treatment possible.

Effect of environment

No effects due to vibration noticeable,
unless on a short time scale.

intrinsic non-gam me background highly
temperature sensitive. Will require special
temperature stabilization. Varations in
spatial distortion with temperature and
local magnetic field lIuctuations do not,
to first order, seem severe.

Count Rate Effects:
Local limitation

Global limitation

Calibrations:
Spatial distortion
Non uniformity

Xtal2*
Rhodanese
156*49*42
Phospholipase A2
47*47*103
Xtal1

Xtal2

FIX

Resoln.

None important

Table 2b
Summary of Data Collections
on the same Material on both Instruments

Table 2a
Summary of Data Collections
on the same Crystal on both Instruments
Material
(Cell)
Lysozyme
79H9*38
Xtal1

sources but at a cost in data
collection time and software effort.

N(meas)
N(unique)

F
X
F
X
F
X

2.5
2.5
2.0
2.0
2.0
1.9

18808( 3848)
13770( 3546)
15431( 4439)
33880( 7767)
8366( 7047)
17373(14281)

9.1
8.6
4.9
4.8
3.8
3.7

F
X
F
X
F
X

1.9
1.8
1.9
1.8
1.9
1.8

55321( 8755)
46366(10914)
15617( 6506)
33899( 8520)
44165( 7813)
19294( 6322)

9.2
4.9
6.3
3.8
5.7
4.0

Material
(Cell)
Adenovirus DBP
79* 76-.1£7
Collagenase
112*112*166
AAT
88*78*83
DNase IfActin'
Pb Cocryst.
Native
Pb deriv.
Phospholipase C·

FIX

Resoln.
2.8
2.7
2.3
2.5
2.6
2.7

N(meas)
N(unique)
15049( 6030)
47114(10121)
42949(17792)
66164(18232)
22928(11697)
91055(26474)

F
X
F
X
F
X

10.5
7.5
9.5
9.4
10.5
6.2

F
X
F
X
F
X
F
X

3.0
3.0
2.9
2.8
3.0
3.5
2.1
2.2

58642(13947)
41563(15705)
53687(14749)
43281(16418)
51447(15158)
28101( 8853)
45854(18304)
91734(16193)

8.4
6.6
8.3
10.5
9.7
6.8
6.5
6.6

• data measured after improvement of FAST main beam intensity.
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Our contribution to synchrotron radiation data acquisition
systems has seen our first VME module development, as
announced in last year's report. This work has been carried out in the context of a purchase by the European
Synchrotron Radiation Facility (ESRF, Grenoble, France) of
a "Gabriel" bidimensional detector equipped with the data
acquisition system developed in our group. The developed
VME module is an interface between the standard CAMAC
measurement equipment (time frame generator, calibration
channel unit and the time digitizer) and the VME system
containing the acquisition memory. Memory incrementation
is carried out via "read-modify-write" VME cycles requested
by the interface acting as a master during acquisition. A VSB
port (the fast exchange data path) has been designed and
will be added later to the existing module. To be able, in
the future, to get rid of CAMAC completely we planned the
construction of a transputer based ''time frame generator"
and an improved "calibration channel unit" module.
We had again, several requests from European laboratories
(LURE in Orsay, Hamburg University, Mainz University and
ESRF in Grenoble) for the bidimensional data acquisition
system developed in our group. We hope to be able to
deliver these systems as soon as the printed circuit version
of the LRS 4208 interface is ready. Although these requests
from external laboratories proved to be time-consuming for
our group, we feel that, in providing such equipment, we
achieve exactly what was expected from the Member States
when EMBL was founded.

Detectors and data acquisition for electron microscopy
The work on the charge coupled device detector (CCO
detector) coupled to the CryoSTEM electron energy loss
spectrometer has not progressed as quickly as we expected
because of serious interference and noise problems. Most
of the problems have been solved, but we are still left in
a situation where we need to investigate why the CCO
detector response shows some non-reproducibility. These
problems may be due to the external control system needed
to achieve synchronization between the CCO detector and
the STEM scanning logic. Work is in progress to solve the
remaining problems and to bring this detector into operation
as soon as possible.
The silicon quadrant detector was ordered (MICRON Ltd.,
UK) and was finally delivered before Christmas. The "delays" in obtaining this detector have mainly been due to
the tight specifications in our design. Occasionally, biology,
as with high energy physics, has greater requirements and
these were recognized by our industrial partner who showed
strong interest in our project. Preliminary tests of the prototype detector will begin in the new year as most of the
associated mechanical and electronics parts were built as
soon as we were aware of the final specifications.
The data acquisition part of the project has progressed quite
well and has been the occasion, once again, to introduce
new techniques at EMBL. Thanks to the kind hospitality and
the help of the Heidelberg University we have been able
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to develop (at no cost) an application specific integrated
circuit (ASIC) to solve the problem of the large number
of counting channels. A special counter chip with sixteen
independent inputs (eight bits deep) has been designed. It
will accept clock inputs up to 30 MHz, has individual shadow
registers for each counter and a fast read-out scheme.
This chip is easily cascadable to provide deeper counters
required. In parallel, our first specifications for this ASIC
were implemented by IMEC (Louvain, Belgium) and the first
batch of chips is now available for us to test (an agreement
exists between EMBL and IMEC for the possible commercial
exploitation of our design).
The digital parallel pipelined preprocessor designed to reduce the data from the silicon quadrant detector has been
assembled. The software has been developed and is currently being tested. Communication hardware and software
(to the VME system) is under development and therefore the
complete system should be undergoing tests by the middle
of next year.
To improve the on-line display capabilities of our scanning
microscopes, we have recently bought a powerful VME
colour graphics card. The present image size is 1024x512
pixels but will be upgraded soon to 1024 x 1024 pixels.
Software development for this graphics equipment is in
progress.

Software for multiple peptide synthesis
Following the lines of software development started last year
for the automation of DNA sample preparation we have
implemented a new software package for multiple peptide
synthesis adapted for both pins and resin methods (see
also Biochemical Instrumentation reports). The package
was written in order to help the users to:
(a)
(b)
(c)
(d)
(e)

enter protein sequences;
compute sets of peptides of defined length and increment;
define the chemistry to be followed;
produce the documentation for the project (list of peptides, weight of amino-acid derivatives and other chemicals needed to carry out the synthesis); and finally,
automatically generate a Metafile describing the
needed steps to be performed by the robot so that the
peptides can be constructed.

The package has been developed using a software product
called HyperCard available for the Apple microcomputer
family. The resulting development is called a "Stack" in the
HyperCard terminology. A stack consists of one or more
cards (screens) containing graphics, text and buttons. These
basic tools can be used to set up user-friendly man-machine
interfaces. A simple programming language (HyperTalk) can
be used to associate actions to the buttons and fields. The
size of our stack is around 500 kBytes. The execution of
the program is "relatively" slow compared to the speed one
could reach by coding such an application in the C or Pascal
languages. Nevertheless, this first trial of HyperCard for an

application very different from one that it would normally
cover bas proved an excellent tool for several reasons:

esis of the number of components) has been adapted to the
VAX.

(1)

high level of efficiency in building and adapting the
graphical user-interface;
powerful string handling capabilities;
very near self-documenting programming (HyperCard
has a simple syntax very close to plain English);
easy debugging of the programs as they can be split
in simple, chained parts if necessary.

The edition of the user manual has been completed. Technical documentation describing in detail all the existing software has been written. This should be helpful both for the
users and for program maintenance.

The code produced by our HyperCard package is then
translated into a BASIC program using the compiler developed last year for the DNA sample preparation project.
Compilation as well as execution of the resulting programs
are started from HyperCard.

Boulin, C., Kempf, R., Gabriel, A. & Koch., M.H.J. (1988).
Data acquisition systems for linear and area x-ray detectors
using delay-line read-out. Nucl. Instr. and Meth. in Phys.
Res., A269, 312-320

(2)
(3)
(4)

As a conclusion, we state that such a package is an important step for the set-up of a peptide production workstation. The main advantage over other systems lies in
the automatic generation of the robot software. This not
only saves operator time but also has the advantage of
producing error-free programs which consequently do not
require debugging before the production runs.

Software for bilayer data recording and analysis
The existing software for data recording, pre-processing and
display has been improved according to the user wishes.
As the programs for automatic detection and processing
of opening and closing of single channels proved to be
time consuming on the microprocessor they have also been
implemented on the VAX. The data are transferred to the
VAX via a serial communication link after acquisition.
Further developments have taken place for the analysis of
macroscopic conductance relaxation and exponential decay
from open-closed time histograms. A program performing
the analysis of multi-exponential functions (without hypoth-
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Confocal light microscopy development

Group leader: E.H.K. Stelzer
Scientist: C. Storz
Student: R. MOiler
Visitors: A. Draeger*, A.M. Lambert*, S. Popp*, J. Sedat*
Assistants: P. Hanninen*, R. Pick, R. Stricker

The group has concentrated its activities on the development of confocal scanning laser microscopes. The current
version of the beam scanning device was given the final
touch. Collaborations with cell biologists using the instrument were established and the development of a new generation of confocal microscopes was initiated. Additional efforts were the development of software for video-enhanced
fluorescence microscopy at the EMBL and of software for
three-dimensional image processing.
The confocal beam scanning laser microscope
The confocal beam scanning laser microscope (CBSLM) for
confocal fluorescence and confocal reflection microscopy
was built at the EMBL and has now been in use for more
than a year with a large number of different biological
specimens, experimental protocols and fluorophores. The
instrument is relatively stable, has a high detection efficiency
and is easy to use. However, we halted further development
of the CBSLM after the temperature control, the positioning devices and the device for the observation of doublelabelled samples had been successfully integrated. This was
done to provide a functioning standard confocal microscope
for experimental work. Double fluorescence observations
are especially important for colocalization experiments, a
technique that is now routinely applied in our laboratory (see
also Plate 48).
Collaborations with groups from outside the EMBl
John Sedat (UCSF Medical School) and Peter Shaw (John
Innes Institute) compared our confocal fluorescence microscope with their own video microscopy equipment for
three-dimensional low light level fluorescence microscopy
and subsequent deconvolution of the data. The resulting
data compared quite well with what they would have expected with their methods (personal communication J. Sedat). Lynne Jesaitis (Harvard Medical School) localized the
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three-dimensional position of the Golgi complex in epithelial
cells. Brian Storrie (University of Virginia) performed colocalization experiments of the Golgi complex and cytoskeletal elements in Vero cells together with Wai-Chang Ho
and Thomas Kreis. Anne-Marie Lambert (Universite Louis
Pasteur, Strasbourg) together with Jan De Mey observed
microtubules and chromosomes in Haemanthus cells undergoing mitosis. Annette Draeger and Vic Small (Akademie der
Wissenschaften, Salzburg) have colocalized the distribution
of desmin, vimentin and several other cytoskeletal proteins
in chicken muscle cells. Susanne Popp and Thomas Cremer
(Universitiit Heidelberg) performed cytometric experiments
determining the distribution of human chromosome 18 in
amniotic fluid cells.
Collaborations with groups inside the EMBl
A number of people working at the EMBL used the CBSLM continuously. The prime interest has been to gather
a three-dimensional data set. This information was used to
perform colocalization experiments or to check the quality
of a preparation method. Robert Bacallao investigated the
development of the microtubule network in polarizing MadinDarby canine kidney (MOCK)
and followed the movement of the Golgi complex in three dimensions (see also
report by E. Karsenti). Morgane Bomsel observed MOCK
cells at different time points generating three-dimensional
maps of the apical and basolateral endocytic pathways
determining e.g. the three-dimensional locations of meeting
compartments (see also report by J. Gruenberg). Among the
other people that used the instrument were Thomas Kreis,
Wai-Chang Ho, Brigitte Buendia, Eric Karsenti, Kai Simons,
Jan De Mey, Andreas Merdes, Cecile Butor, Jean Davoust
and Wieland Huttner.
The general conclusion drawn from all collaborations, either
long- or short-term visits, is that the preservation of the
three-dimensional structure of a cell is a very complex task
that has not yet been generally solved. Many of the preser-

PLATE 48
Three stereo pairs show the colocalization of microtubules and
chromosomes in PTK2 cells as observed in a double fluorescence
experiment. (a) Microtubules labelled with a primary polyclonal
rabbit-anti-tubulin antibody and a secondary goat-anti-rabbit FITC
conjugated antibody. (b) Chromosomes labelled with propidiumio-

dide. (c) The combined emissions of the microtubules and the chromosomes. The depth of the sample is 5.4 micrometer and fourteen
images were used to record the complete three-dimensional data
set. The field size is 60 by 60 micrometer. (Recorded by A. Merdes
&

J. De Mey)
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vation techniques that had been developed for conventional
(two-dimensional) fluorescence microscopy are of no use
when it comes to gathering a three-dimensional data set.
The main reason being that for conventional fluorescence
microscopy the cells are flattened purposely to improve the
contrast by decreasing the out of focus contribution. Specific
results can be found elsewhere in this research report.

The development of a modular confocal microscope
The main effort of the group has been the development
of a modular confocal microscope (MCM). The basis for
developing this instrument is our experience with the CBSLM. The heart of the MCM will be a conventional, inverted
research microscope and the instrumentation for confocal
microscopy will be an attachment to it, so that the user can
switch between the conventional and the confocal mode.
The instrument will have two parallel detection channels,
make better use of the available laser wavelengths, run
at four times the speed of the CBSLM, be completely
programmable and have improved optical and mechanical
characteristics that should increase the detection efficiency
and long-term stability of the instrument. The current design
should become available in spring 1989. The long-term goal
is however the development of a fast modular confocal
microscope (FMCM). This instrument will produce between
six and twenty-four images per second and is designed
for dynamic in vivo studies. An important aspect of both
designs is that they will be public. The manual for the MCM
as well as the construction plans will be made available
to the interested scientific community. This project will be
supported by an industrial partner.
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Software for video microscopy
A special effort has been the development of software for
the analysis of images that are recorded with a video microscope either in the fluorescence or in the Nomarski contrast
in collaboration with Thomas Kreis. The long-term goal of
this project is an automatic tracking of targets determined by
a researcher and an automatic analysis of the motion. This
should ease the use of mobility as an assay for biological
experiments.

Three-dimensional image analysis
Since a confocal fluorescence microscope gathers a threedimensional data set, it is very important to know the correct
optical transfer function of an instrument. An effort in collaboration with Christoph Cremer (Universitat Heidelberg)
is therefore to determine the optical transfer function of
our instruments experimentally and theoretically so it can
be used in the quantitative analysis of a three-dimensional
data set. The optical transfer function can be analysed
to determine reasonable conditions for three-dimensional
image processing of a series of images recorded with a
confocal fluorescence or confocal reflection microscope.

Publications during the year
Stelzer, E.H.K., Stricker, R., Pick, R., Storz, C. & Wijnaendts
van Resandt, R. W. (1988). Serial sectioning of cells in
three dimensions with confocal scanning laser fluorescence
microscopy: Microtomoscopy. SPIE, 909, 312-319

Biochemical Instrumentation Programme

Introduction

Activities of the groups in the Programme are focused on the
development and optimization of new methods for sequence
analysis and synthesis of DNA and proteins, and on the
innovative design of biochemical instruments in this field.
The groups are in close contact with other Programmes
as well as with the mechanical and electronic workshops.
In addition to the technological research, service for the
scientists at EMBL in DNA and peptide synthesis, protein
sequencing, automated microinjection in cells and sorting
with FACS are provided. In January 1989 DNA sequencing
service will be started.
Automated workstations for use in the DNA and protein
analysis were set up and used in projects from the biological
programmes. The DNA sequence technique developed at
the EMBL was applied to several in-house projects and
collaborations with outside laboratories. Determination of
the sequence of the human hypoxanthine phosphoribosyltransferase (HPRT) gene locus about 60 kb in length, in
collaboration with T. Caskey (Houston) and J.L. Mandel
(Strasbourg), is the first larger scale (over 10 kb) sequencing
project undertaken with an automated system and fluores-

cent labels.
Modified oligoribonucleotides, more stable than DNA or
RNA and with high resistance to degradation by most enzymes, were synthesized and used in electron microscopy
for visualization of spliceosome structure and to study the
mechanism of pre-mRNA splicing.
A second gas phase protein sequencer was built and installed in 1988, and its performance gives full satisfaction.
Solid-phase peptide synthesis has proven to be an versatile
tool for the study of protein-protein interactions and synthetic
peptides are now extensively used in immunology, cell biology and vaccine research. Since systematic investigations
at the molecular level require large numbers of peptides, two
methods for multiple peptide synthesis were adapted allowing simultaneous synthesis of several hundred peptides per
week.
Two EMBO courses, on "Microinjection and Electrotransfection of Cells" and on "Automated DNA Sequencing",
were organized at EMBL during the year.
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Development of microanalytical techniques

Group leader: W. Ansorge
Scientists, engineers: R. Pepperkok, C. Schwager, J. Stegemann, H. Voss
Students: F. Almeida*, V. von Arnim*, H. Erfle,
Visitors: A. Bankier*, H. Bujard*, A. Cevitello*, A. Edwards*, M.P. Gaub*, G. Gish*, T. Kristensen*, A. Rosenthal*, A. Smith*, G. Volckaert*,

J. Zimmermann*

Automated DNA sequencing station

The development of an automated DNA sequencing facility
at EMBL comprises the automation of pick-up of clones,
template purification, sequencing reactions, loading samples on gels and the device for on-line sequence determination using fluorescent labels. The facility includes a
computer system for analysis of DNA sequences, and the
new multiple segmental DNA synthetizer for primers in the
"walking" strategy. In addition to the development of hardware, the software for control and analysis is generated and
large effort is devoted to development and optimization of
new biochemical procedures relevant to DNA sequencing.
The facility was presented in the EMBO course on "DNA Sequencing: Advanced Approaches and Automated Methods"
which the group organized at the EMBL.
The sequence technique, developed in an on-going collaboration with the group of Brian Sproat, was applied to several
in-house projects and to projects from outside laboratories,
as described below. The speed of sequencing with the
EMBL automated device was increased to 100-150 bases
per hour. Tests have shown that it would be possible to
increase the speed to about 200 bases per hour if gels
could be cast reproducibly. Improvements in the design of
the gel mould resulted in a simplified gel casting procedure
allowing its automation, a factor of importance for routine
sequencing. The EMBL automated sequencer is tested in
the laboratory of H. Prydz in Oslo, where good results are
obtained in routine sequencing projects. The device will be
tested in several other laboratories. The commercial version
of this system should be available from Pharmacia LKB in
1989.
A computer station allowing the acquisition of the sequence
data, their analysis, clean-up and transfer to the VAX central
computer was set-up and its build-up will be continued
this year with the help of Peter Rice of the Biocomputing
Programme.
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The resolution of the automated methods is strongly affected
by the uniformity in the height of the peaks. Significant
improvements in peak uniformity were achieved with the
unmodified T7 DNA polymerase and with the thermally
resistant Taq DNA polymerase. In the latter case the fluorescent background is extremely uniform and the sequence
can be read above 500 bases.
Uniform peak heights would be expected with the MaxamGilbert chemical degradation sequencing protocol, but this
method was until recently not possible with fluorescent
labels. Last year the group developed in collaboration with
A. Rosenthal (Institute of Molecular Biology, Berlin-Buch)
a technique for sequencing fluorescein-labelled oligonucleotides by solid phase chemical degradation, and we have
shown that the dye and its bond were stable during the
chemical reactions used for the degradation. During 1988
we have extended this method and established a complete
procedure for sequencing of fluorescently-Iabelled long DNA
fragments by chemical degradation. In particular, the difficult
labelling problem was solved by first extending enzymatically the annealed fluorescent primer and then degrading chemically the generated labelled DNA fragment, thus
creating a hybrid method
the Sanger enzymatic
technique and the Maxam-Gilbert chemical method. The
primer extension labelling procedure can be generally applied since it allows fluorescent labelling of single-stranded
and double-stranded DNA independently of restriction sites.
As a result, all advanced sequencing strategies offered by
the enzymatic dideoxy methods (shot gun M13 or primer
walking techiques) can be combined now with chemical
degradation sequencing. The resulting peak uniformity will
allow us to reduce the number of the lanes on the gel,
which are necessary with one fluorescent label for correct
sequence deduction, from four down to two, or even to
only one lane. Tests have shown that the correct sequence
is obtained in only one lane from reproducible peak amplitudes, with chemical degradation reactions carried out
in only one reaction tube and loading the product in one

gel sample slot. In addition, tests with chemical degradation .of DNA fragments, produced in DNA amplification
by polymerase chain reaction from genomic DNA, have
demonstrated the feasibility of simple direct genomic sequencing with our non-radioactive automated sequencing
device and the developed chemical degradation technique,
without subcloning.
Similar tests aiming at reducing the number of lanes necessary on the gel for correct sequence determination with
Sanger dideoxy technique were carried out. It seems possible to reduce the number of lanes down to two. Further
development and evaluation of the uniformity of peaks obtained under particular conditions with the DNA polymerases
are necessary, and will probably lead in the future to the
dideoxy sequencing using one label for all four nucleotides
in only one gel lane.
Multiple segmental DNA synthetizer
The new multiple segmental DNA synthesizer, constructed
with the group of Brian Sproat and with Carol Stettner,
Siegfried Winkler, Hans Flosser and Hans Wittmann from
the electronics and mechanical workshops and the design
office at EMBL, was tested. In routine synthesis of "walking" primers for DNA sequencing it functioned according
to expectations. It allows simultaneous synthesis of 10:....20
oligonucleotides and we intend to conclude a license agreement for its commercial production.
Automated workstation for handling of samples
Efficient routine sequencing of a large number of samples
requires optimization and automation of standard biochemical protocols. The standard protocol for purification of M13
single-stranded templates, the most critical step for efficient
DNA sequencing, is tedious and prone to errors, and can
not be easily automated. The protocol for Sanger dideoxy
sequencing reactions is laborious due to the repetitive character of the pipetting steps.
We have set up an automated workstation consisting of
two robotic systems, as shown in Plate 49. The automated
procedure for template purification, developed in our laboratory, does not involve phenol extractions and alcohol
precipitations. Bacteriophages are precipitated from media
supernatants with acetic acid and recovered on glass fibre
filters. The system is flexible and allows variations and optimization of the procedure. In one cycle (about 30 minutes)
24 templates are purified, and it would be possible to process about 200 templates per day. For dideoxy sequencing
reactions performed by the workstation, the duration of one
complete cycle (up to 48 templates) is about 50 minutes.
Running the robot for eight cycles, up to 384 templates
(1536 reactions) can be performed per day. For work with
more than two gels per day we have automated loading
of samples on the gel, although a dedicated tool will be
developed in the future for an optimized gel geometry and
the number of sample lanes used on the gel for sequence
determination.

Experiments and developments with the automated workstation carried out by the group and in the workshops were
summarized in two EMBL patent applications, and a license
agreement for its commercial production was concluded with
Eppendorf, FRG. The workstation should become available
commercially during 1989.
More than 600,000 bases of raw data were sequenced in
the automated station using fluorescent labels. Service DNA
sequencing for groups at the EMBL will be started early
1989. The users will deliver phage supernatant and the
sequence will be deposited for them in a file on the VAX, by
electronic mail.
DNA sequencing of human hypoxanthine
phosphoribosyltransferase (HPRT) gene
and of the chicken erythroid band 3
With Bjorn Vennstrom and Martin Zenke from the Differentiation Programme the sequence of the chicken erythroid band
3 cDNAs (about 3.2 kb in length) was determined. Contrary
to the sequencing results reported previously in the literature
by groups from other laboratories, our nucleotide sequence
analysis of the cDNA clones suggested that two chicken
erythroid band 3 polypeptides are produced by different
mRNAs with different translational start sites.
In collaboration with C.T. Caskey (Baylor College of
Medicine, Houston) and J.L. Mandel (Strasbourg) the sequence of the human hypoxanthine phosphoribosyltransferase gene is being determined. It is the first larger scale
(over 10 kb) sequencing project undertaken with an automated system and fluorescent labels. Approximately 60
kb of the HPRT locus, including the 44 kb gene, is being sequenced using random techniques combined with
directed strategies to close the sequence. A sequencing library was constructed by sonicating recombinant >.
phage from the gene to 1-2 kb, size selection, ligation
into M13, and screening. Templates were prepared using
the automated system for our glass fibre filter method.
Dideoxy sequencing was performed in the automated workstation using unmodified T7 DNA polymerase and the universal primer end labelled with fluorescein. All but about
8 kb (85%) of the sequence of the gene has been obtained and over 800 clones were sequenced with an average read of 350 bases, but readings as high as 550
bases were achieved. The sequence was analysed with
the help of Peter Rice from the Biocomputing Programme.
The project will be finished as soon as the last missing
piece of DNA will be obtained from Houston. The sequence of the HPRT gene will allow, among other studies,
the rapid characterization of mutations at the locus and
the modeling of mechanisms giving rise to mutations in
man. The sequence combined with non-cloning strategies
has been used by T. Caskey in Houston to characterize major genomic rearrangements in the HPRT gene of
patients with Lesch-Nyhan syndrome. For example, the
genetic alteration in the HPRT gene of a cell line (GM
2227) derived from a patient with the syndrome has been
shown to be an inversion of exons 5-9, with the endpoints localized to an "Alu" repeat (located adjacent to a
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PLATE 49
Automated biochemical workstation for DNA preparation, purification and sequencing reactions. It consists of two robot systems,

interface for thermal control, filtration unit, reservoirs with stock
solutions, microtiter reaction plates and microcomputer control.

redundant tract of alternating purine-pyrimidine nucleotides)
in intron 5, and another "Alu" repeat 6 kb downstream of
the gene. The most likely topological mechanism appears
to have involved illegitimate recombination between two
similar, but not identical, "Alu" repeats. Other mutants under
study include an endoduplication, several 3' partial deletion
cases, and a 5' partial deletion.

With the groups of Eric Karsenti and Thomas Kreis microtubule dynamics was studied in Madin-Darby canine kidney
and in Vero cells by fringe pattern photobleaching and
by immuno-microphotometry. The injected cells were also
analysed by electron microscopy.

Microinjection and electro-transfection
of cells
The automated capillary microinjection device has been
applied extensively to in-house projects and to projects from
other laboratories. Regular users were the groups of Lennart
Philipson (investigation of inhibition of DNA synthesis),
Wieland Huttner (protein transport in secretory vesicles),
Jean Davoust (investigation of endocytosis by injection of
Rh-Iabelled clathrin, photobleaching), Henk Stunnenberg
(function of the poly-A head at the 5' -end in late vaccinia
virus genes), Ulrich ROther (gene targeting in embryonic
stem cells), David Vaux (release of the Semliki Forest virus
from infected cells).
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External collaborative projects were carried out with the
groups of P. Chambon in Strastourg, in which a technique
for microinjection of several non-adherent cell-lines was
established. Expression in injected cells was quantified by
FACS analysis. With H. Bujard from 2MBH, Heidelberg,
the quantitative aspects of the lac repressor system in
eukaryotic cells were investigated.
The electro-transfection technique was applied by Erwin
Wagner to embryonic stem cells, by David Tollervey to yeast,
by Roberto Di Lauro and Keith Stanley to bacteria.
The commercial version of the EMBL automated microinjection system was introduced on the market during 1988 by
Zeiss. One of these units will be installed at the EMBL, in
addition to the device already in operation, to help mastering
the growing number of applications.

An EMBO course on "Microinjection and Electro-Transfection of Cells" was organized at EMBL.

Separation of biological particles
The fluorescence activated sorter was installed and its function verified in acceptance tests. Experiments were performed for scientists from the Differentiation and the Cell
Biology Programmes. Applications ranged from separation
of cells and vesicles to detection of gene expression products.
Continuous flow electrophoresis was used by the biology
programmes for purifications and separations. The new
EMBL apparatus for separation of large DNA fragments,
with straight electrodes rotating around the gel, gave in
applications good resolution with straight and uniform band
pattern. It will be used for tests in DNA mapping. The
apparatus will be commercially available from Appligene,
Strasbourg.

Publications during the year
Ansorge, W., Rosenthal, A., Sproat, B., Schwager, C.,
Stegemann, J. & Voss, H. (1988). Non-radioactive automated sequencing of oligonucleotidees by chemical degradation. Nucl. Acids Res., 16, 2203-2206
Ansorge, W. & Pepperkok, R. (1988). Performance of an
automated-system for capillary microinjection into living
cells. J. Biochem. Biophys. Meth., 16, 283-292
Howell, K., Ansorge, W. & Gruenberg, J. (1988). In Microspheres: Medical and Biological Applications: ed. Rembau,
A.; CRC Press, Boca Raton, Florida, pp. 33-52
Kim, H.R.C., Yew, N.S., Ansorge, W., Voss, H., Schwager,
C., Vennstrom, B., Zenke, M. & Engel, J.D. (1988). 2 different messenger-RNAs are transcribed from a single genomic
locus encoding the chicken erythrocyte anion transport proteins (Band-3). Mol. Cell. BioI., 8, 4416-4424
Kristensen, T., Voss, H., Schwager, C., Stegemann, J.,
Sproat, B. & Ansorge, W. (1988). T7 DNA-polymerase in
automated dideoxy sequencing. Nucl. Acids Res., 16,34873496

Pepperkok, R., Schneider, C., Philipson, L. & Ansorge,
W. (1988). Single cell assay with an automated capillary
microinjection system. Exp. Cell Res., 178, 369-376
Pepperkok, R., Zanetti, M., King, R., Delia, D., Ansorge,
W., Philipson, L. & Schneider, C. (1988). Automatic microinjection system facilitates detection of growth inhibitory
mesenger-RNA. Proc. Nat!. Acad. Sci. USA, 85, 6748-6752.
Salamero, J., Ansorge, W. & Howell, K.E., (1988). Immunoisolation using magnetic solid supports to reconstitute vesicle transport in cell-free system. Fresenius Zeitschr. f. anal.
Chern., 330,
Schickedanz, J., Philipson, L., Ansorge, W., Pepperkok,
R., Klein, R. & Koszinowski, U.H. (1988). The 89,000 Mr
murine cytomegalo-virus immediate-early protein stimulates
c-fos expression and cellular DNA-synthesis. J. Virol., 62,
3341-3347
Zimmermann, J., Voss, H., Schwager, C., Stegemann, J. &
Ansorge, W. (1988). Automated Sanger dideoxy sequencing
reaction protocol. FEBS Lett., 233, 432-436

Other references
Zimmermann, J., Voss, H., Kristensen, T., Schwager, C.,
Stegemann, J., Ertle, H. & Ansorge, W. (1989). Cur. Meth.
Mol. BioI., 1, in press

Patents applied for in 1988
Groups of Ansorge, W. & Sproat, B. (1988). Apparatus for
sequential chemical reactions (DNA synthesizer). EMBL;
FRG pat. appl. Nr. P 38 13 671.6.
Device for electrophoresis, particularly for separations of
DNA molecules. EMBL; FRG pat. appl. Nr. P 3816626.7.
Process for sequencing of nucleic acids (I-chemical degradation). EMBL and Academy of Science, GDR; FRG pat.
appl. Nr. P 38 39 397.2.
Process for sequencing of nucleic acids (II-enzymatic technique). EMBL; FRG pat. appl. Nr. P 38 41 565.8.
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Nucleic acid chemistry

Group leader: B.S. Sproat
Scientist: B. Beijer
Visitor: A. Iribarren
Assistants: P. Rider, P. Neuner

Modified oligoribonucleotides
We have achieved considerable success in the development of 2' -O-methyloligoribonucleotides as stable RNA
probes for a variety of applications in molecular biology.
The large scale synthesis of the building blocks required
for preparation of 2' -O-methyloligoribonucleotides proved
a considerable challenge. Whenever possible we synthesized versatile intermediate compounds which could also
be used to prepare a variety of nucleic acid base modified
analogues. 5' -0-Dimethoxytrityl-2' -0-methyluridine-3' -0-(2cyanoethyl N,N-diisopropylphosphoramidite) and the corresponding derivative of N4 -benzoyl-2'-0-methylcytidine were
prepared in high yield after several steps from a common
intermediate, which was easily prepared and purified on a
50 g scale. The synthetic routes were devised so as to
avoid isomer formation and to enable easy preparative hplc
purification of all intermediate compounds. The structures of
all compounds were confirmed by 13C NMR spectroscopy.
In addition we endeavoured to avoid the use of highly toxic
reagents.
The use of 6-chloropurine riboside as starting material enabled the synthesis of the appropriate 2'-0methyladenosine and 2'-0-methylinosine building blocks
in good yield, via the versatile intermediate 3',5'-0-(tetraisopropyldisiloxane-1 ,3-diyl)-2' -0-methyl-6-chloropurine riboside. This compound could also be used to prepare
derivatives of N6 -methyladenosine, N6 -dimethyladenosine
and 6-thioinosine.
The synthesis of the 2'-0-methylguanosine building block
via direct methylation of the 2' -hydroxyl group of a suitably
protected precursor provided initially to be very difficult.
After much trying we developed an excellent methylation
procedure without resorting to the use of the highly dangerous diazomethane. In outline, 2-amino-6-chloropurine riboside was converted to its 3',5' -O-(tetraisopropyldisiloxane1,3-diyl) derivative which was diazotized in high yield to
give the highly versatile 3' ,5'-0-(tetraisopropyldisiloxane1,3-diyl)-2,6-dichloropurine riboside. Quantitative displace136

ment of the 6-chloro substituent by 2,6-dichlorophenoxide
gave a compound which could be methylated in 70%
yield in 5 h, using stoichiometric amounts of methyl iodide
and a sterically hindered strong organic base. Subsequent
displacement of the 2,6-dichlorophenoxy substituent with
tetramethylguanidinium 2-nitrobenzaldoximate in acetonitrile led to the 2-chloroinosine derivative. After several more
steps the 2' -O-methylguanosine building block was obtained
in about 10% overall yield for the 13 step synthesis. The
2-chloroinosine intermediate could of course be converted
into the N2-methyl or N2,N 2-dimethylguanosine analogues.
High yield condensation of these building blocks on
solid phase has been achieved using 5-(4-nitrophenyl)-1 Htetrazole as activator, in combination with urethane linked
aminopropyl controlled pore glass. Isolated yields after hplc
purification of up to 25% have been obtained for 30-mers
using the above methodology.
We have been collaborating with Angus Lamond for the
biological evaluation of these probes. The probes are only
degraded by snake venom phosphodiesterase, Bal 31, and
slowly by nuclease P1. Excellent progress has been made
by Angus Lamond's group in using such probes, both with
and without spacer arms containing biotin, for studying RNA
splicing by biochemical methods and by scanning transmission electron microscopy. The latter is in collaboration
with Eric Carlemalm. A long-term collaboration between our
groups is now envisaged.
Additionally these 2' -O-methyloligoribonucleotides should
be very good antisense probes, due to their stability and
excellent hybridization properties. Preliminary work in collaboration with Lennart Philipson and Rainer Pepperkok
utilizing micro injection looks promising.
We have almost completed the development of 5-modified
2'-0-methyluridine building blocks containing protected thiol
and primary amine functionalities. This will enable the preparation of 2'-0-methyI0Iigoribonucleotides that can be multiply labelled, e.g. kinased with 32p and labelled with fluors,

biotin or metal clusters. Planned is the incorporation of
psoralen and other crosslinkers and/or intercalators with a
view towards better antisense probes and possible antiviral
agents. Several companies have already expressed interest
in commercializing the reagents described above.

DNA sequencing without radioactivity
The fully-automated linear segmental column DNA synthesizer was completed and was used several times to
provide simultaneously 10 fluorescent-labelled primers for
walking primer sequencing. Work is in progress to simplify
further multiple synthesis, deprotection, fluorescent labelling
and purification of oligodeoxyribonucleotides. This is an
essential requirement for high speed non-radioactive DNA
sequencing, in which we are collaborating with the group
of Wilhelm Ansorge. In collaboration with Andre Rosenthal
and Wilhelm Ansorge it proved possible to perform fluorescent sequencing of long DNA by the solid phase MaxamGilbert method. Work on fluorescent dideoxyribonucleoside
5'-triphosphates is still under way and is nearing completion.
These derivatives will be used for fluorescent sequencing
and mapping.

Oligonucleotide synthesis service
The demands on the oligonucleotide service increased yet'
again; a total of 1400 oligonucleotides were synthesized
during the year (figure for 1987 was 821), of which 108 were

fluorescein-labelled oligodeoxyribonucleotides and 52 were
2'-O-methyloligoribonucleotides. Due to the ever increasing
demands the service facility will acquire an extra technician
and another commercial synthesizer at the beginning of
1989. Further expansions of the service are foreseen to
provide a wide variety of DNA and RNA analogues as
soon as the appropriate building blocks are commercially
available.

Publications during the year
Ansorge, W., Rosenthal, A., Sproat, B., Schwager, C.,
Stegemann, J. & Voss, H. (1988). Non-radioactive automated sequencing of oligonucleotides by chemical degradation. Nucl. Acids Res., 16, 2203-2206
Kristensen, T., Voss, H., Schwager, C., Stegemann, J.,
Sproat, B. & Ansorge, W. (1988). T7 DNA polymerase
in automated dideoxy sequencing. Nucl. Acids Res., 16,
3487-3496
Sproat, B.S., Beijer, B., Rider, P. & Neuner, P. (1988).
The synthesis and application of modified oligodeoxyribonucleotides in molecular biology. Nucl. Acids Res. Symposium
Series, 20,117-118
Sproat, B., Beijer, B., Rider, P. & Neuner, P. (1988). Synthesis of modified building blocks containing amino or thiol
moieties: application of modified oligodeoxyribonucleotides.
Nucleosides and Nucleotides, 7, 651--653
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Sequence analysis and synthesis of proteins and genes

Group leader: RW. Frank
Scientists: M. Kraft*, H. Gausepohl
Fellows: K. Ashman, J. Wallach*
Visitor: D. Koesling*
Assistants: A. Bosserhoff, E. Davey

The research of the group is focused on the development
of new techniques for sequence analysis and synthesis
of proteins and genes and on the construction of innovative biochemical instruments for protein and peptide microsequence analysis, DNA sequence analysis and solid phase
synthesis of peptides and oligonucleotides. In parallel to
the methodological research the group works as a central
protein chemistry facility at EMBL. Using a set of EMBlbuilt instruments we provide technological and experimental
support to scientists in-house and externally, concerning
the microisolation and analysis of proteins as well as the
synthesis and purification of peptides. In connexion with
EMBL-projects about 210 protein-sequencer runs were performed and 150 peptides were synthesized.
In collaboration with external scientific groups several biological projects are being pursued, which concern the
structural analysis of proteins of the bacterial photosynthetic
apparatus (Tadros et al., 1988) and phosphotransferase
system (Reiche et al., 1988) and the characterization of
proteins involved in signal transduction (Koesling et al.,
1988; Hinsch et al., 1988; Spicher et aI, 1988) and neural
cell adhesion (Wolf et al., 1988). Instrument development is
carried out in close collaboration with the mechanical and
the electronic workshops and with the microcomputer group.
Microsequence analysis of proteins

The isolation of microgram or submicrogram amounts of
proteins and peptides is still a key step in high sensitivity
sequence analysis. The highest resolving procedure for
the microanalysis of proteins is polyacrylamide gel electrophoresis. Therefore considerable effort has been made to
improve the recovery of proteins and protein fragments from
the gel matrix. The conditions for electroelution and electrotransfer (electroblotting) of proteins were re-evaluated
and modified to be compatible with subsequent enzymatic
cleavage and separation of resulting fragments (Frank &
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Bosserhoff, 1988). For very large proteins and for highly
glycosylated proteins, which were difficult to recover from
gels, micromethods for in situ digestion within the gels were
developed. Good results in micropreparative separation of
the released peptide mixtures were obtained with a twodimensional high pressure liquid chromatography system
which is based on the distinct selectivities of two different
reversed phase columns.
To improve the capacity and sensitivity in protein microsequence analysis a second gas phase sequencer was built
and installed in 1988. The new instrument has shown excellent performance in the low picomole range and during
the year N-terminal and internal sequence data from several
proteins were obtained which led to the identification of the
corresponding c-DNA clones (Guinet et al., 1988; Koesling
et al., 1988; Paonessa et al., 1988; Reiche et al., 1988;
Rodel et al., 1988).
Peptide synthesis

Solid-phase peptide synthesis has proven to be a versatile
tool for the study of protein-protein interactions and synthetic
peptides are now extensively used in immunology, cell biology and vaccine research. Since systematic investigations
at the molecular level require large numbers of peptides
we have adapted a method for multiple peptide synthesis
which allows several hundred peptides to be simultaneously
synthesized per week. This method employs derivatized
polyethylene pins as solid supports and the peptides remain
attached to these pins during the immunological assays.
To obtain large numbers of non support-bound peptides
in a short period of time we have introduced a second
method which uses conventional Merrifield resins and related supports for the reversible immobilization of the peptide chain during synthesis. Both synthesis methods were
adjusted to the orthogonal Fmoc-chemistry and we use
the BOP-reagent (Castro's reagent) for in situ activation of

PLATE 50
Profiles of antigenic response as a function of 80 overlapping TNF
heptapeptides synthesized at a matrix distance of two residues.
Upper panel: scan obtained from a polyclonal rabbit anti-TNF
serum.

Lower panel: scan obtained from a monoclonal antibody grown as
ascites in mice. The antibody neutralizes the cytotoxic activity of
TNF.
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the amino-acid building blocks. The BOP-reagent has been
introduced by the group as an universal coupling reagent
in continuous-flow Fmoc peptide synthesis (Frank et al.,
1988a; Gausepohl et al., 1988b) and is now used in many
peptide laboratories. During the year we have further studied
the reaction kinetics of this coupling method (Gausepohl
et al., 1988a) and side reactions occurring with particular
amino-acids could be eliminated.
By using the described methods for multiple peptide synthesis we have synthesized sets of overlapping peptides corresponding to the amino-acid sequence of several proteins.
Amongst others the antigenic epitopes of human tumour
necrosis factor (TNF) (Ashman & Frank, 1988) were determined and the epitope of a neutralizing monoclonal antibody
was identified (Plate 50). Similarly the amino-acid residues
on the cytoplasmic domain of the Semliki Forest virus spike
glycoprotein E2 (Vaux et al., 1988), which are responsible
for spike-nucleocapsid interaction, were identified.
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Instrumentation
The performance of the robotic workstation, which has
been developed for the micromanipulation of liquids and for
applications in molecular biology, has been demonstrated
by its use in a DNA sequencing protocol (Boulin et al.,
1988; Frank et al., 1988b). With only minor changes in the
configuration of the modular components a similar system
was used to set up a robotic workstation for the automation
of our protocols for multiple peptide synthesis. The peptide
workstation is capable of synthesizing peptides on either
a micro scale and irreversibly attached on polyethylene
pins or in milligramme amounts and detachable in a 48
column reactor. In collaboration with the microcomputer
group versatile software was developed which allows for
easy programming of simultaneous syntheses of sets of
overlapping peptides derived from the primary structure of
an individual protein. The construction of the new protein
sequencer is based on a miniaturized multi-channel valve
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system which has been developed for applications in microchemical instruments. Due to its compact design the
microsequencer could be integrated into the housing of
an analytical high performance liquid chromatograph and
therefore provides ideal conditions for on-line identification
of PTH amino-acids.
Publications during the year

Ashman, K. & Frank, R. (1988). The synthesis, expression
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molecular biology and biochemistry: a workstation for DNAsequencing. J. Prot. Chem., 7, 200-201
Davey, E.J. & Frank, R.W. (1988). Human mitochondrial
adenylate kinase AK2: Evidence for internal targeting signal
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phase columns. In Methods in Protein Sequence Analysis
1988: eds. Wittmann-Liebold, B. & Salnikow, J.; Springer,
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Gausepohl, H., Kraft, M. & Frank, R. (1988b). Continuous
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W.; Attempto, TObingen, 4, pp. 167-172
Guinet, F., Frank, R & Leberman, R. (1988). Polypeptide
elongation factor Tu from Halobacterium marismortui. Eur.
J. Biochem., 172, 687--694
Herz, J., Hamann, U., Rogne, S., Myklebost, 0., Gausepohl,
H. & Stanley, K. (1988). Surface location and high affinity for
calcium of a 500 kDa membrane protein closely related to
the LDL-receptor suggest a physiological role as lipoprotein
receptor. EMBOJ., 7,4119-4127
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Adipocyte plasma membranes contain two Gj subtypes but
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Biocomputing Programme

Introduction

The Biocomputing Programme at EMBL performs research
in theoretical and computational biology, provides the general computing facilities (hardware, network and software) in
the Laboratory, collects, annotates and distributes genetic
sequence and other data (EMBL Data Library) in collaboration with groups in Europe, the USA and Japan, and
has begun to develop a computer network infrastructure for
molecular biology in Europe (EMBNet).
Several groups are focusing on the analysis, prediction and
redesign of protein sequences and structures. Predictions of
the structures of the antigen-binding regions of immunoglobulins, of a thermostable protease, of a DNA-binding finger
domain and of an AIDS-related viral core protein have been
or will soon be confronted with experimental data.
Nucleic acid sequence analysis has focused on the evolution of RNA secondary structure. Maximum entropy methods
have been applied to the phase problem of crystallography
and to the determination of decay rates from dynamic light
scattering experiments. Three-dimensional reconstructions
have been made from electron micrographs of disordered
specimens of Herpes viruses.
The nucleotide sequence data collection has increased to
over 24 million nucleotides. Sequence and structure data
is being made available to a larger user community over

electronic mail and over EMBNet.
Molecular biology software packages and databases are being used by an increasing number of scientists in the Laboratory. The computer facility has gained in quality and power
by the addition of a number of workstations and integration
into a Laboratory-wide network, with the VAXNMS cluster
at the center and SUN/UNIX and Apple Macintosh networks
closely linked. Use of world-wide electronic networks has
increased significantly in 1988.
Well-tested software developed in the Biocomputing Programme is being distributed to academic users free of
charge, and new programs were made available in 1988,
particularly in the area of protein sequence and structure
analysis. The first three issues in a series of Biocomputing
Technical Documents, including a first in-house software
catalogue, are now available.
The first build-up phase of Biocomputing, begun in 1986,
has led to the hiring of additional staff in 1988 and the
availability of one floor of a new building at the end of 1988.
The second build-up phase is expected to be accomplished
over the next two years.
The following reports by each group describe the projects
in detail.
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Protein design

Group leader: C. Sander
Visitors: 8.M. 8ussian*. S.C. Emery*. A. Finkelstein*. C. Frommel*. A. Godzik*. A. v. Haeseler*. T. Havel*. L. Holm*. K. Nishikawa*. Y.
Sprizhitskii*. R. Staden*. W. Taylor*. M. Waterman*
Assistants: 8. Altenberg. M. Scharf. R. Schneider. R. SOltemeyer

of multiple sequence alignment and three-dimensional structure? How can database searches for sequence similarity be
extended into the twilight zone of marginal similarity? Details
of several projects are given below.

A number of questions were asked during 1988: Given
amino-acid sequence and three-dimensional coordinates.
can one tell a correctly folded from an incorrectly folded
protein? How accurate are protein loop regions model-built
on the basis of homology to a protein of known threedimensional structure? How accurately can one build a full
protein backbone, given only side chain coordinates? How
can one conveniently analyse contacts in the protein interior? How can one quantify protein-solvent interaction without explicit simulation of water molecules? How good are
new methods of secondary structure prediction of proteins?
Can one improve such methods by inclusion of aspects of
tertiary structure? What are the requirements for the engineering of a metal-binding site in a given protein scaffold?
Is two-dimensional NMR a viable method for studying mutated and redesigned proteins by difference spectroscopy?
How accurate is determination of protein secondary structure content by Raman spectroscopy? Which aspects of
sequence and structure are most conserved in a family
of Ca-binding proteins? What can we deduce about the
unknown function of ras p21 oncogene protein by inspection

Conservation of residue interactions in a
family of Ca-binding proteins (with A. Godzik)
In the TNC family of Ca-binding proteins (calmodulin. parvalbumin. intestinal calcium binding protein and troponin C)
about 70 well-conserved amino-acid sequences and 6 crystal structures are known. We find a clear correlation between
residue contacts in the structures and residue conservation
in the sequences: residues with strong sidechain-sidechain
contacts in the three-dimensional structure tend to be the
more conserved in the sequence. This is one way to quantify
the intuitive notion of the importance of sidechain interactions for maintaining protein three-dimensional structure in
protein evolution and may usefully be taken into account in
planning point mutations in protein engineering.

number of residue contacts and residue conservation
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What are the reasons for different variation allowed at different
sequence positions? Each point represents one position in the TNC
family alignment. Residue conservation is calculated by averaging
over all possible exchange pairs at that position. The number of
contacts is defined as number of different residues which have at
least one side-chain atom within 3.75 Aof any side chain atom of
a given residue. averaged over six known structures.

A database algorithm to generate all-atom
coordinates from a protein C(a) trace
(with L. Holm)
The problem of constructing all-atom coordinates of a protein from an outline of the polypeptide chain trace is encountered in protein crystallography, in protein engineering and in
protein design. Methods exploiting evolutionary and physical
relationships have been developed for piecing together the
coordinates of one protein from fragments in the database
of protein three-dimensional structures. We present an algorithm which, given the C(a) trace, scans the database for
backbone fragments that locally fit the chain trace according
to distance criteria, until the entire chain is covered. A best
path algorithm then sifts through the candidate segments
and selects an optimal path with minimal mismatch at fragment ends. Calibration using fully known protein structures
shows that backbones can be reconstructed with a reliablity
of 0.5 Arms position deviation and an average 2.9% peptide
flips. A simple prodecure for adding approximate side chain
coordinates using frequently occurring rotamers leads to
1.7 A rms deviation for all atoms compared to the correct
structure. The coordinates generated are of sufficient quality
to be used for automatic extraction of secondary structure
features based on backbone hydrogen bonding patterns and
may be used as a starting point for refined protein model
building.
How to determine protein secondary structure
in solution by Raman spectroscopy: Practical
guide and test case DNAse I (with B.M. Bussian)
For many proteins available in large (milligram) quantities, a
three-dimensional structure determination by x-ray or NMR
methods is very difficult, impossible or too costly. In these
cases, spectroscopic determination of secondary structure
content can be a valuable source of partial information
about protein structure in solution. In particular, Raman
spectroscopy can be used to determine to fair accuracy
the helix and sheet content of a globular protein. However,
technical difficulties have hampered the routine application
of the method:
(1)
(2)

(3)

the large background signal of acqueous solvent in the
amide I region is difficult to subtract accurately;
the reference data set of Raman spectra of proteins
with known crystal structure is incomplete and the
assignment of secondary structure in a known crystal
structure not unambiguous;
the mathematical problem of extracting structure information from the spectra is ill determined, i.e. there
are many apparently satisfactory solutions for a given
spectrum.

We have partly solved and partly sidestepped these problems by improving and simplifying existing methods.
We now have a step-by-step procedure intended for routine
determination of the percentage of a-helix and ,a-sheet from
the amide-I Raman spectra of proteins in solution. Its main
features are:

(a)
(b)
(c)

an uncomplicated procedure for solvent subtraction,
aided by use of a divided spinning cell technique;
a numerically stable data handling algorithm; and
a clear statement of expected accuracy.

In our hands, using the reference spectra of Williams (1983),
helix content can be determined to an accuracy of 6 percentage points (largest error 12%) and ,a-sheet content to an
accuray of 5 percentage points (largest error 7%). However,
the experimental distinction between parallel and antiparallei ,a-sheet does not appear possible without a significant
expansion of the set of reference proteins. As a test we
have measured the Raman spectrum of DNase I, a known
structure (Oefner & Suck, 1986) treated as unknown, and
derive 14% a-helix and 22% ,a-sheet content, compared to
x-ray derived values of 20% helix and 25% sheet (hydrogen
bonds per 100 residues). The error, -6% for helix and -3%
for sheet content, is typical.
The method can be a tool for checking the structural purity
of genetically engineered proteins, detecting major structural
alterations of mutant proteins and providing a priori information as input to predictions of protein structure.
Evaluation of new methods of protein
secondary structure prediction
(with B. Altenberg & A.V. Finkelstein)
Predictions of protein secondary structure are slowly improving. We have calibrated known methods by testing their
prediction accuracy in a selected set of about 70 different
proteins of known sequence and structure. While the oldest
methods, like that of Chou and Fasman, start at 50% threestate accuracy (in our hands), more recently developed ones
reach 61-63% accuracy. In particular, we can report 63%
for GO Rill (Gibrat et at., 1987), 63% for ALB (Finkelstein &
Ptitsyn, 1975 and 1983) and 61 % for Segment-83 (formerly
Orakel, Kabsch & Sander, 1983, unpublished). In addition
to raw percentage, inspection of the distribution and length
of segments is also an important indicator of prediction
quality.
A program package containing several methods of protein
secondary structure prediction has been installed under
VAXNMS (type HELP PROTEINS and PREPARE PROTEINS for more information) and IS available free of charge
in exchange for an academic license agreement.
Comparison of model-built and experimental
three-dimensional strucure of thermitase,
a thermostable subtilisin protease
(with C. Frommel)
The subtilisin family of proteases has four members of
known sequence and structure: subtilisin Carlsberg, subtilisin novo, proteinase K and thermitase. Using thermitase
as a test case, we ask: how good are methods for modelbuilding a three-dimensional structure of a protein based on
sequence homology to a known structure?
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Fitch-Margoliash approach and the parsimony approach (as
implemented for proteins by J. Felsenstein) resulted in very
similar trees. The hand-drawn consensus tree given in Plate
52 reflects the result of these examinations.

PLATE 52
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Our model of thermitase was based on 47% sequence
identity with subtilisin Carlsberg, was refined by energy minimization and varied by molecular dynamics. Comparison
with the crystal structure (Teplyakov €It al., 1988, personal
communication): the predictions work best in the conserved
structural core and less well in seven loop regions involving
insertions and deletions relative to subtilisin. Variation of
loop regions by molecular dynamics simulation in vacuo
followed by energy minimization does not improve the prediction: we find no correlation between in vacuo energy and
correctness of structure when comparing local energy minima. Clearly, inclusion of solvent terms and improved treatment of electrostatics are required to improve the overall
accuracy of model building by homology. Our prediction of a
novel Ca binding site has now been confirmed in the refined
crystal structure (AV. Teplyakov, personal communication).
Multiple sequence alignment of the family
of ras-like proteins (with M. Vingron)
To obtain an evolutionary relationship of ras-related proteins,
a multiple sequence alignment was prepared (Vingron &
Argos, 1988). Distances were calculated based on these
alignments by simply counting mismatches and adding
penalties for insertions/deletions. Two different algorithms
were applied to the data to obtain a phylogenetic tree. The
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Ras proteins roughly fall into two classes. The first class is
represented by mammalian and yeast ras-proteins and includes Dictyostelium and Drosophila ras-proteins. The other
is grouped around the YPT-proteins and includes SEC4 as
well as the rab-proteins. Aplysia rho is clearly not in the first
class and also is so distant from the YPT class that it may
belong to a distinct third class. The positioning relative to
each other of R-ras/Dros2 on the one hand and rallDros3
on the other hand is also not unambiguous from the calculations and the two branches might be interchanged. As
further sequences are found, we will refine the family tree
and functional grouping of ras-like proteins.
Publications during the year
Emery, S.C., Blocker, H., Cesareni, G., Kingswell A. &
Sander, C. (1988). Cassette mutagenesis to produce modelled rop protein variants. In Advances in Protein Design:
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Sander, C. (1988). Protein Design, BIOcomputing Technical
Document 1.
Other references
Finkelstein, A V. & Ptitsyn, O.B. (1975). Dok!. Akad. Nauk.,
223, 744-747
Finkelstein, AV. & Ptitsyn, O.B. (1983). Biopolymers, 22,
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Computer group

Group leader: R. Omond
Scientists & Assistants: P. Rice, E. Schechinger, W. Winkler
Visitor: J.Langowski*

Major developments of the main VAXNMS facility
The truth of the phrase "The Network is the System" was
made very clear by the developments in 1988. Continuing
the plans mentioned in the report of 1987, we installed several VAX workstations during the year. These were initially
connected to form a "local area VAX cluster" (LAVC), using
the Ethernet as the communications medium between them.
Four VAXstation 3200's, each with 8 Mbytes of memory and
256 colours, six monochrome VAXstation 2000's, each with
4 Mbytes of memory, and a VAXserver 3500 serving as
the boot node constituted the configuration of the LAVC.
With the advent of version 5 of VMS, the VAX operating
system, it was possible to integrate these machines into
the existing VAXcluster consisting of the VAX 8650 and
the older VAX 111785. The resultant cluster configuration
forms an extremely attractive computing environment in
terms of general compute power (equivalent to an increase
by a factor of 3 times that available in 1987), availability (we can now almost guarantee that a service can be
provided non-stop throughout the year), homogeneity (the
system appears as one regardless of which actual computer is being used) and expandability (the addition of more
compute power/computers is trivial and relatively inexpensive).
The size of the user community grew to more than 430
registered users so that most people in the Laboratory can
now be regarded as regular computer users. This is due to
some extent to the increased use of the external computer
networks (see below).

Computer network connections
It is difficult to over-estimate the importance of the Laboratory's connection to EARN (the European Academic and
Research Network). For many scientists both within the
EMBL and from external institutes throughout the world,
collaboration would be extremely difficult if not impossible
without this connection. The number of nodes on EARN
and Bitnet (its counterpart outside of Europe) is now more

than 2600. Gateway computers between these and other
networks (for example, JANET in the United Kingdom, the
Internet domain of the ARPAnet in the United States, and
several national networks) together with special software
installed by the computer group, give the normal user the
impression that there is effectively one giant, world-wide
computer network and communicating with scientists in Australia is no different to communicating with those at, say, the
Hamburg Outstation of the EMBL.

The EMBL network file server
During the year, the computer group developed software
to enable scientists at other institutes with access to ''the
computer network" to send requests for data to be returned
automatically. Initially this facility was offered only to sites
on EARN/Bitnet but this was extended in the middle of the
year to allow access from other networks through the above
mentioned gateways. In particular, the EMBL Data Library
offers access to the nucleotide sequence data and currently
some 400 requests per month are being received from users
throughout the world. Agreement was also reached to allow
us to offer access to the Protein Data Bank collection from
the Brookhaven National Laboratories.

EMBnet
A combined proposal for a European Molecular Biology
network was completed and connections were established
with the first of four trial nodes. The aims of this network are
much more ambitious than the simple exchange of data and
electronic mail offered by EARN. In addition to these facilities, we plan to offer interactive log ins, for example to allow
the use of specialized programs not available elsewhere,
and "genuine" computer conferencing (as opposed to the
simplistic mail-based model with multiple copies being sent
through "distribution lists"). Furthermore EMBnet will allow
the EMBL Data Library to offer much more up-to-date access to the data collections throughout Europe, and also to
vastly facilitate the submission of new data from scientists.
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One fundamental but very important aspect of the planned
EMBnet is that industrial sites will also be catered for (ct.
EARN which is strictly for academic and non-profit-making
research sites).
The network is initially based on DECnet using the public packet switching data networks (X.25) as the underlying medium. Once the International Standards Organization/Open Systems Interconnect (ISO/OSI) network model
becomes more concrete, that protocol will be adopted for
the EMBnet, thus guaranteeing easy access to the network
for the whole spectrum of computers, from the largest mainframe to the personal computer at home. 1989 should prove
to be an extremely interesting year in this area.
Major developments of the Sun/Unix facility
As mentioned in the report of 1987, the Unix workstation
environment was enhanced with the purchase of one Sun
4/260 workstation with 32 Mbytes of memory, and two small
Sun 3/60 workstations, each with 4 Mbytes of memory.
A large 900 Mbyte disk was also purchased and these
systems were integrated into the existing configuration of
the Sun 3/260 and the Sun 4/110. There is now a small
group of users who are actively using these machines
for software development in the fields of protein structure
analysis, protein design and image analysis.
The Apple Macintosh personal
computer environment
Usage of the Apple Macintosh personal computers continued to grow and it is very pleasing to see the level of
sophistication that a new user, perhaps with no previous
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exposure to computers, can achieve in a very short time.
The move of the computer room to the new building has
given us the opportunity of connecting the last separate
AppleTalk network in the containment facility to the backbone Ethernet, thus realizing the plans, mentioned in the
1987 report, of establishing conceptually one large local
Macintosh network.
The newest release of the AlisaTalk software from Alisa
Systems Inc. was also installed and this enables Macintosh
users to login to the VAXcluster through the AppleTalkEthernet connection as well as to access all laser printers
throughout the Laboratory. The VAXcluster is now being
used as a file server for the Macintosh community and
this software release makes copying files between the two
systems very easy.
Sequence analysis software
In a collaborative effort with J. Langowski (EMBL, Grenoble),
the computer group undertook a test of the feasibility of
porting the UWGCG software package from the University of
Wisconsin genetics computer group to the Macintosh. This
is by far the most widely used sequence analysis package
on the EMBL VAXcluster. Initially we wanted to prove that
it is possible to take a large software package written in
VAXNMS specific Fortran and to implement this within the
Hypercard environment on the Macintosh. Results were
encouraging and we plan to pursue this further in 1989. In
addition one Macintosh II computer was equipped with two
Transputers, which are cheap, fast microprocessors ideally
suited to parallel processing. Since many of the algorithms
used in sequence analysis are inherently parallel in nature,
we hope that further research in this area will prove to be
very interesting in 1989.

Computer graphics

Group leader: H.E. Bosshard*
Scientist: J.P.M. Postma
Trainee: R. van Unen*
Visitors: M. Beato*, A. Godzik*, S. Hamodrakas*, H.R. Kalbitzer*, M. Kokkinidis*, S. McGavin*, H. Molinari*, A. Nordheim*, H.H. Ohlenbusch*,
G. Vriend*

During the year the Computer Graphics Group has continued development and maintenance of computer graphics
programs and software tools vital in EMBL's molecular modelling and analysis environment. During the last two years
EMBL's computing facilities have been enriched with the
addition of workstations able to perform simple two- and
three-dimensional graphics (Sun, Macintosh, VAXstation).
But these machines lack the highly specialized hardware to
allow real-time interactive manipulation of large molecular
structures, surface maps and the like. For such work EMBL
scientists and visiting workers are dependent on the high
performance interactive graphics machines supported by
the group. Of equal importance is on-site expertise for
graphics hardware and software technology which will keep
the Laboratory at the forefront of future developments.
Heinz Bosshard left at the end of the year to take up a post
at the Brookhaven National Laboratory, Long Island, USA.

Hardware
The computer graphics hardware configuration consists of
an Evans & Sutherland (E&S) multi picture system (MPS)
and a picture system 350 (PS350) which was upgraded to a
picture system 390 (PS390). The MPS and PS350 feature
calligraphic colour monitors. The PS390 utilizes new raster
technology developed by E&S, named Shadowfax. This
technology offers the great advantage in that any picture,
regardless of its complexity is entirely free of flicker and line
quality is at least equal to calligraphic machines. Furthermore, "space-filled" models can be rendered and displayed
though such pictures cannot be manipulated interactively as
is possible with vector models.
In keeping with EMBL tradition tachyscopic stereo imaging
is supported on all machines: mechanical Bausch & Lomb
stereo image alternators with an interface by Terabit for
the MPS, Millenium (Leeds) liquid crystal eyeglasses for
the PS350, and the new stereographics liquid crystal single
cell shutter available from E&S for the PS390. The latter
covers the entire PS390 monitor and stereo viewing is accomplished by simple light-weight eyeglasses with circularly

polarized lenses. Attachment to the machine by wire is thus
avoided.
The MPS celebrated its decennial at the Laboratory. The
machine, though of older technology and limited memory
capacity, still plays a crucial role in a number of research
projects and, hence, releaves the PS390 load significantly.
The highly optimized and stable MPS graphics software
provide a complete system for the users.
Further PS390 peripherals include a Matrix camera station
to take photographs from the RGB video output directly and
a Spaceball which allows control over six degrees of freedom with one hand. Mass memory was upped to 7 Mbyte
to display and manipulate vast amounts of information as
large electron density maps which can even be multiply
compared.

Software
FRODO - The favorite of crystallographers. (Originally by
T.A. Jones) A version on the PS390 has been available
since autumn 1986.
EMBLFRODOIODORF - An in-house written program
based on the original version. Available on the MPS.
MIDAS - UCSF MIDAS - a general molecular graphics
program. Available both on the MPS and PS390.
HYDRA - A new version was installed during the year allowing for space-filled representations. MD trajectory play back
facilities are available for both CHARMM and GROMOS
(R.Hubbard/POLYGEN).
SYBYUMENDYL - A fully integrated tool for molecular
modelling and design for both small and large molecules
(TRI POS/E&S).
BIOGRAF - An integrated environment for molecular modellers with powerful molecular simulation tools (BIODESIGN).
GRAMPSIGRANNY - A set of general graphics programs
for the MPS (T.J. O'Donell, A.J. Olson & M.L. Connolly).
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INSIGHT - A general graphics program with interface to
the molecular simulation package DISCOVER. Initial version
from BIOSYM.

Software research
Software support for the MPS was minimal due to the
reliability of graphics programs provided for this machine.
Nevertheless support of and collaborations with users continued. The emphasis of graphics software development has
shifted entirely to the PS350 / PS390.
Efficient and effective usage of molecular graphics at
EMBL has traditionally relied on the availability of superb
tachyscopic stereo imaging. In the early 1980's this stereo
technique was introduced to Europe on the EMBL-MPS. In
1987 the group designed and published a stereo technique
for Millenium (Leeds) shutters which works flawlessly for
both the PS330 and PS350 machines (Bosshard & Postma,
1987). In the meantime support software for converting
and downloading PS300 function networks was significantly
expanded. In summary a straightforward and consistent
way was developed to incorporate tachyscopic stereo on
all PS300 machines with a single macro call added to the
ASCII function networks. With the advent of the PS390 and
its stereographics full-screen stereo option, a fundamental
problem with stereo viewing was encountered: switching
between mono and stereo display modes implied a change
in the PS390 hardware status. Hence the methods used
hitherto did not work. However, it was desired to keep the
macro facility consistent for all stereo shutters on all PS300
machines. Because the manufacturer could not supply a
technique useful for this purpose, a new PS390 function was
conceived and written in collaboration with J.-P. Dichter of
E&S, Munich, Federal Republic of Germany, to whom the
group is greatly indebted. This function properly switches
the machine stereo/mono status upon a request from the
application function network.
The downloader and the editor, PS300
function network support tools for
VAXNMS host systems
This set of programs has been extended and finalized
during the year as a general tool to aid the management
of PS300 function networks, insertion of tachyscopic stereo
and fast downloading to any PS300 series machine. It
consists of two programs written at the EMBL: the Editor
and the Downloader. The front-end software is an ASCII-toGSR (graphics support routine) function network converting
program by E&S now generally available to PS300 users.
This latter program we call "Parser". The three programs
provide a consistent, easy to use network conversion and
downloading facility (Bosshard, 1988).
The Editor accepts Fortran or Pascal source code produced by the Parser from ASCII function networks and expands simple and consistent macro invocations for the various commercially available tachyscopic stereo hardware. A
command procedure compiles and links the edited source
and the network code for stereo is linked to the executable
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image from an object library. This command procedure is,
for convenience, also produced by the Editor.
The Downloader downloads any particular compiled and
linked GSR network to the PS300. One important feature
is that the Downloader need never be linked with any
network image it is to download. Linking is accomplished
at runtime by dynamic loading of the selected network as
an executable image. This scheme greatly eases management of large numbers of networks, as is the case at the
EMBL. The Downloader is not only capable of downloading
executable images but will process any of the commonly
used manufacturer supported forms of networks or mixtures
of such, including "User Written Functions". ASCII network
downloading is optimized on the fly by removal of comments
and non-essential white code. Beyond this, it can be used
to set up a number of machine settings and to send any
command to the PS300 command interpreter, which is of
great help during debugging sessions.
The described software environment offers a number of
important advantages, three of which are briefly mentioned.
Firstly, downloading GSR images is approximately 5 times
faster than downloading the corresponding ASCII code. This
is much appreciated at installations, such as the EMBL,
where a number of graphics programs are in use. Secondly,
the facility offers a consistent and easy way of adding
tachyscopic stereo imaging for any machine of the PS300
series. And thirdly, the software offers a generalized network downloading mechanism, using a single downloading
program for all available PS300 function networks.
Hierarchical extended binary protein
data bank (HEBPDB)
This project was initiated two years ago and has undergone
a complete revision during the second half of 1988. The goal
of the project is to create a high-speed access hierarchical,
extended binary replica of the Brookhaven protein data bank
(PDB). The intent is not to develop a data base management
system but to unravel the computer-unfriendly, inconsistent
data representation in the common formatted PDB files
into a binary database (HEBPDB) in which every record
is uniquely and consistently defined. The critical algorithms
use a set of state tables and, hence, their execution will be
adaptable to future, yet unforsee.; problems.
The approach allows the optimal storage of all relevant
information of the entire PDB into a single inverted binary
data file in a form resembling linked lists. The data bank
is extended by commonly useful information calculated on
the fly, such as lengths of secondary structure elements,
clusters of chains and solvent, sphere radius and sphere
center comprising each residue, etc. Access to any information is via a network of pointers generated by the inversion
program. The current program automatically produces the
binary database file from the PDB files. The VAXNMS
Create-and-Map-Section system service provides a way to
access data at the speed of virtual memory. It is intended
to use this approach to access data from the complete
HEBPDB.

GROMOS/Pre-Gromos/molecular dynamics
x-ray refinement
Computer graphics and molecular modelling tools are becoming more integrated. Building a molecular structure using computer graphics tools can only be complete if the
modelled structure is subjected to analysis tools checking
for physical realism. One such tool, molecular dynamics
(MD), can give additional information about the molecular
arrangement. GROMOS is one such MD simulation package. The application of the MD algorithm to the refinement
of x-ray crystallographic protein structures has lead to a near
revolution. Pre-Gromos is a preprocessor written locally
to facilitate the usage of GROMOS (ct. Research Report
1987). Additional features were added: energy analysis on
an atomic basis, initializing and starting as well as continuing an MD run, setting up an MD x-ray refinement,
cutting out a water sphere around a soaked molecule and
interfacing an MD trajectory with the playback facility of
graphics programs (e.g. HYDRA). Furthermore, the program
has been redesigned such that the original input nomenclature of residues and atoms will be retained when returning
from GROMOS. These programs were succesfully applied
to a number of projects: theoretical modelling of a zinc
finger motif, 2-dimensional-NMR refinement of a dimeric
neuropeptide, energy analysis of 4-stranded DNA models,
MD x-ray refinement of colicin A and structural changes and
free energy estimates of native and mutant ROP dimers.

Collaborative projects
Analysis of linker peptides connecting protein domains
(P. Argos, EMBL, Heidelberg, FRG)
Analysis of amino-acid mutations in globin tertiary
structures (D. Bordo & P. Argos, EMBL, Heidelberg,
FRG)
Structural examination of interacting residues in protein tertiary structures (J. Heringa & P. Argos, EMBL,
Heidelberg, FRG)
Design of a structural model for the 28 residue "zinc finger" motif (T.J. Gibson & P. Argos, EMBL, Heidelberg,
FRG)
Design of a structural model of the glucocorticoid receptor DNA-binding domain (T.J. Gibson & P. Argos,
EMBL, Heidelberg, FRG)
Electron density fitting, refinement and analysis of colicin A (M. Parker & D. Tsernoglou, EMBL, Heidelberg,
FRG)
Analysis of manganese superoxide dismutase (M.
Parker, EMBL, Heidelberg, FRG)
Electron density fitting of actin/DNase I (A. Lahm & D.
Suck, EMBL, Heidelberg, FRG)
Electron density fitting and analysis of DNase ilONA
complex (A. Lahm & D. Suck, EMBL, Heidelberg, FRG)
Electron density fitting of PK-PKI3, complex of proteinase and inhibitor no.3 (D. Kavounis, EMBL, Heidelberg, FRG)
Structure determination of various complexes of trypanosomal triosephosphate isomerase (R. Wierenga,
EMBL, Heidelberg, FRG)
Protein design experiments of Rop mutants (C. Sander,
EMBL, Heidelberg, FRG)

Restrained MD on the antibiotic vancomycin and a
complex with the dipeptide D-Ala-D-Ala-Ac based on
NMR data. (A. Pastore, EMBL, Heidelberg, FRG & H.
Molinari, Milan, Italy)
Structural analysis of a new globin structure from
Aplysia limacina and its alignment to the already known
globins. (A. Pastore & A. Lesk, EMBL, Heidelberg,
FRG)
Prediction of side-chain conformations using hen egg
lysozyme and human lysozyme as test cases. (S. Miller
& A. Lesk, EMBL, Heidelberg, FRG)
Analysis of the structure of dimeric and tetrameric
interfaces in proteins. (S. Miller & A. Lesk, EMBL,
Heidelberg, FRG)
Restrained MD and modelling of a dime ric neuropeptide using NMR data (H.R. Kalbitzer, MPIMF, Heidelberg, FRG)
A model for the hormone receptor binding to the mouse
mammary tumour virus regulatory element (M. Beato,
Univ. of Marburg, Marburg, FRG)
Modelling and analysis of 4-stranded DNA helix models
(S. McGavin, Univ. of Dundee, Dundee, U.K.)
Theoretical modelling of chromatin nucleosomes (H.H.
Ohlenbusch, Univ. Louis Pasteur, Strasbourg, France)
Construction of a sequence-specific DNA superhelix
for the simulation and modelling of the interaction of
MMTV protein with chromatin subunits using experimental data. (H.H. Ohlenbusch, Univ. Louis Pasteur,
Strasbourg, France & M. Beato, Univ. of Marburg,
Marburg, FRG)
Initial interface of PRE-GROMOS and WHATIF (G.
Vriend, Univ. of Groningen, Groningen, The Netherlands)

Publications during the year
Hamodrakas, S.J., Bosshard, H.E. & Carlson, C.N. (1988).
Structural models of the evolutionarily conservative central
domain of silk-moth chorion proteins. Prot. Engin., 2(3),
201-207
Gibson, T.J., Postma, J.P.M., Brown, R.S. & Argos, P.
(1988). A model for the tertiary structure of the 28 residue
DNA-binding motif ("zinc finger") common to many eukaryotic transcriptional regulatory proteins. Prot. Engin., 2(3),
Chalepakis, G., Postma, J.P.M. & Beato, M. (1988). A
model for hormone receptor binding to the mouse mammary
tumour virus regulatory element based on hydroxyl radical
footprinting. Nucl. Acids Res., 16, 10237-10249
Bosshard, H.E. (1988). The downloader and the editor,
PS300 function network support programs for VAXNMS
systems. EMBL BIOcomputing Technical Document 2

Other reference
Bosshard, H.E., and Postma, J.P.M. (1987). J. Mol. Graphics, 5, 208-210
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Scientists: R.H. Vogel*, D. Fedronic
Fellow: DAM. Konings

Maximum entropy methods (R.K. Bryan)
Maximum entropy and probabilistic direct methods in the
x-ray phase problem both have the underlying assumption
that atoms are a priori positioned randomly and independently. We have relaxed the assumption of independence by
using a known triple correlation function of atomic positions
as the prior map in the entropy expression for triplets of
density samples, thus introducing information on atomic
bond lengths and angles directly into the phasing procedure.
The triple correlation of a density 't(x) is defined as
C(3)(p, q) = J't(X)'t(X + p)'t(x + q) d3x,
which is a function in six dimensions. However, for our
purposes, a rotationally invariant function is required, which
can be obtained by averaging C(3) over all directions of p
and over the azimuthal angle of q about p, leaving a function
just three variables, the lengths p, q and the included angle
<». The triple correlation has been calculated for several
solved structures, and Plate 53 shows a typical plot, with first
and second nearest neighbour positions and appropriate
bond angles clearly defined.
The three-sample entropy expression is
S(3)= -JP(Xl )P(X2)P(X3) log (P(Xl )P(X2)p(x3)/m(xl ,X2, X3))
d3Xl d3x2 d3x3,
and, for our purposes, we define the prior in the translationinvariant form m(xl, X2, X3) = C(3)(Xl - X2, Xl - X3). The
entropy may then be rewritten as the equivalent singlesample entropy S = p(x) log (p(X)/melt(X)) d3x, where
the logarithm of the effective prior melt is given by the
biconvolution

I

log melt(x) =
150

J

p(p)p(q) log C(3)(X - p,x - q)d 3pd3q.

To compute this expression directly would require N9 operations for an N-point map, but since the strongest correlations are at short distances, the range of integration
may be restricted to a volume V of about 6 A radius, thus
requiring only N3V2 operations, which can be performed in
a reasonable time. This method has so far been applied
to simple examples using synthesized intensity data, with
encouraging results.
Maximum entropy has also been applied to the determination of decay rates from dynamic light scattering experiments. The data consist of autocorrelation values C(t) of the
scattered light intensity, which is related to the scattered field
correlation y(t) by C(t) = B + y(t)2, where B is a constant
background and y(t) follows a multiexponential decay law
y(t) = oo f('t) exp -t/'t d't. An estimate of the positive spectrum of decay rates, f('t), is required. Our implementation
uses the autocorrelation values directly in a nonlinear constraint, a uniform prior in log't space since the problem is
invariant with respect to the scale of 't, and also provides
a refined estimate of B by introducing an artificial point
with zero decay. Nevertheless, the amount of information
in such light scattering data, despite its great accuracy, is
inherently limited by the form of the transform kernel, and
even features which differ consioerably in decay rate are
often difficult to resolve. A quantitative estimate of this is
given by the number of significantly non-zero singular values
of the kernel exp -t/'t, which is only around ten, even for
measurements over four orders of magnitude in t. Results of
the application of this program are given by Jorg Langowski
in the Grenoble Outstation report.

Io

Image processing software (D. Fedronic)
The introduction of both VAXstations and SUN workstations
at EMBL and decreasing calculation times allow the use
of more flexible approaches to the processing of images.
The improvement of the dialogue with the machine opens
the way to a more exploratory approach to processing data

PLATE 53
and (0, q, cos cjl) elements (essentially the double correlation) have
been suppressed. The contour heights are logarithmic, with the first
at twice the average value for large p and q.

Contour plot of a typical rotationally averaged triple correlation
function. The q values are given for each section, and in each
section p ranges over o-s A horizontally, and cos cjl over -1-1
vertically downwards. The origin spike and (p, p, 1), (p, 0, cos cjl)
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- ''test-and-correct", "do-undo" - and encourages the development and application of new methods. The software effort
has thus been concentrated on the production of modular,
extensible, friendly man-machine interfaces encouraging full
use of the machines. Here, the object oriented software
construction methods have proved extremely powerful and
attractive for encapSUlating, packaging and interfacing important sets of existing software components. Given the
speed penalty they imply, it seems unrealistic at the moment
to use these methods for numerical computation. However,
they can be used extensively for fast prototyping, and these
activities will be pursued further. Therefore, a complete
object oriented environment, EIFFEL, has been purchased
and will initially be available on the SUN cluster after the
SUN
4.0 has been installed.

as

RNA structure analysis (D.A.M. Konings)
Understanding the processing and function of RNA
molecules often requires the study of their higher order
structure. By adopting a comparative approach we have
used minimal-energy folding to study conserved RNA secondary structure for several sets of related structural and
messenger RNAs. Although various aspects of RNA folding,
such as the contribution of certain interactions to the stability
of the RNA secondary structure, are still imperfectly modelled, we and others have shown that the new free-energy

"

<>
9

--=>

values of base-pairing (Freier et al., 1986) have greatly
improved secondary structure calculations of RNA when referred to well-established models of structural RNAs, based
on phylogenetic comparison and experimental data. We
have also shown that the identification of alternative optimal
and sub-optimal secondary structures is of particular interest
in searches for structural isomorphisms of related RNAs.
We have further tackled the problem of consensus folding by independent thermodynamic calculations on a set
of RNAs. Using this approach we can detect consensus
(sub-)structures not only in sets of homologous RNAs which
can be unambiguously aligned, blot also in sets of homologous RNAs for which no nucleotide sequence alignment is
available, and in sets of non-homologous RNAs with similar
substructures important for their common function(s), such
as translational initiation. Moreover, the independence of
alignment of nucleotide sequences and secondary structures enables us to point out similar secondary structures
formed by non-homologous nucleotide stretches. The automated procedure developed has been kept as simple and
general as possible, without optimization for a specific RNA
problem. In the first step optimal and sub-optimal secondary
structures are calculated by energy minimization. A defined
number of significant alternative structures for each RNA
are selected by considering a minimal structural difference
(i.e., percentage base-pairs which are different) to the (lower
energy) structures already selected (Plate 54).
151

PLATE 54
2.1. Pairwise comparison of all secondary structures, between
and within the species, by a standard alignment of linear
representations of the foldings (RSxRS matrix).
2.2. Classification of the secondary structures to determine potential consensus structures ( = : identical structures;
- - : similar structures).

Outline of the method. The different RNAs (r) are indicated by their
species name (e.g., f, g, or h) and the major minimal-energy foldings
by their index running from 1 to s, where structure 1 has the lowest
free-energy. The subsequent steps of the method are:
Generation of a set of major minimal-energy foldings, presented as abstract graphs;
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In the second step, all secondary structures generated are
compared according to a novel similarity definition (Plate
54). The similarity calculation has been established along
the lines of our linear "mountain" representation of RNA
secondary structure (Hogeweg & Hesper, 1984). A full linear representation of secondary structure is obtained by
transforming the mountain structure into a linear array of
symbols representing the direction of base-pairing at each
of the single positions: upstream pairing (», downstream
pairing «) or single-strandedness (+) (hereafter refered
to as "secondary structure strings"). A standard maximal
match alignment procedure is subsequently used to calculate pairwise similarities between any combination of all the
secondary structure strings between and within the different
RNA species.

forms of Herpes simplex virus type 2 (HSV-2) and Equine
Herpes virus type 1 (EHV-1) have been investigated. The
proposed icosahedral triangulation number T=16, with 150
hexavalent and 12 pentavalent capsomers for the virus
capsid could be confirmed without difficulty, but the reconstruction of the virus spikes did not reproduce the channels
which can be clearly seen in some of the micrographs. In
order to clarify whether this is a problem with the method or
with the data, model calculations have been performed on
simulated viruses having channels of the same size as the
real data. The reconstructions of the simulated data so far
revealed the channels.

Finally, secondary structures can be classified on the basis
of the resulting similarity matrix. We have been interested
in structure(s) or substructures common to all the different
RNAs in the analysed set. The search therefore concentrates on a group of structures which includes exactly one of
the alternative structures of each RNA, showing significantly
high similarity among all its structures.

Barth, M., Bryan, RK., Hegerl, R & Baumeister, W. (1988).
Estimation of missing cone data in three-dimensional electron microscopy. Scanning Microscopy Supplement, 2,277284

We have tested the method in detail by means of two sets of
homologous small RNAs, U2 and U3, and a set of a-globin
mRNAs and show that biologically interesting consensus
structures are obtained. The consensus structures identified
for U2 and U3 snRNAs are identical to those previously
derived by independent methods. Our method is able to deal
with a set of homologous structural RNAs of significantly
different lengths and is therefore able to form extra closed
substructures in a subset of the RNAs, as in the case
of U2 and U3 snRNAs. In the case of U2 snRNA it also
points out an alternative consensus sub-structure which is
interpreted as the proposed three-dimensional pseudoknot
interaction. The consensus substructures identified for the
set of a-globin mRNAs include the hairpin flanking the
AUG codon (leader hairpin) and a large helix configuration enclosed by the second splice-junction and the stop
codon.
Automatic analysis of multicomponent data
(R.H. Vogel)

Publications during the year

Bryan, RK (1988). A maximum entropy derivation of the
integrated direct methods - isomorphous replacement or anomalous scattering probability distributions. Acta Crystallographica, A44, 672-677
Bryan, RK (1988). The maximum entropy method applied
to intensity data. Scanning Microscopy Supplement, 2, 99105
Bryan, RK. (1988). Maximum entropy and the phase problem in protein crystallography. In Maximum-Entropy and
Bayesian Methods in Science and Engineering, 2: Applications: eds. Erickson, G.J. & Smith, C.R.; Kluwer Academic,
Dordrecht, pp. 155-169
Bryan, RK. (1988). Contrast transfer function correction
in electron microscopy. In Maximum-Entropy and Bayesian
Methods in Science and Engineering, 2: Applications: eds.
Erickson, G.J. & Smith, C.R.; Kluwer Academic, Dordrecht,
pp. 171-179
van Duijn, L.P., Holsappel, S., Kasperaitis, M., Bunschoten,
H., Konings, DAM. & Voorma, H.O. (1988). Secondary
structure and expression in vivo and in vitro of messenger
RNAs with newly inserted upstream AUG-codons. Eur. J.
Biochem., 172, 59-66

SPt...I\It:o, the method for the automatic analysis of data
represented by a sum of one-parameter functions, which
has been described in previous reports, continues to be
applied and distributed. An updated version of the fully
documented program package was produced this year
and has so far been distributed to over 70 laboratories.

Konings, DAM., Bredenbeek, P.J., Noten, J.F.H.,
Hogeweg, P. & Spaan, W.J.M. (1988). Differential premature
termination of transcription as a proposed mechanism for
the regulation of coronavirus gene expression. Nucl. Acids
Res., 16, 10849-10860

Three-dimensional reconstruction from electron
micrographs of disordered specimens (RH. Vogel)

Provencher, S.W. & Vogel, R.H. (1988). Three-dimensional
reconstruction from electron micrographs of disordered
specimens: I. Method. Ultramicroscopy, 25, 209-222

Application of the ROSE program, described in previous
reports, to unstained preparations of Herpes virus nucleocapsids (in collaboration with A.C. Steven, Washington)
has been started. In particular the "light" and "intermediate"

Vogel, RH. & Provencher, S.W. (1988). Three-dimensional
reconstruction from electron micrographs of disordered
specimens: II. Implementation and Results. Ultramicroscopy. 25, 223-240
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EMBL Technical Reports

Vogel, R.H. (1988). SPlM:D (Version 3) Users Manual.
Technical report EMBL-OA09.
Other references

Freier et al. (1986). Proc. Natl. Acad. Sci., 83, 9373-9377
Hogeweg, P. & Hesper, B. (1984). Nucl. Acids Res., 12,
67-74
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Group leader: G. Cameron
Scientists, Engineers: D. Hazledine, P. Herde*, S. Jones*, P. Kahn, P. Stoehr, G. StoBer
Visitor: A. Bairoch*
Assistants: R. Apweiler*<>, M. Beck*<>, B. Bockmann, C. Christodoulouo, T. Daskarolis*o, S. Karcher*, K. Maste*<>, B. Meissnero, M. Lieser*o,
C. Rice*<>, B. Rochert, R. Rotfuchs*o, M. Sommerfeld, K. ZojerO

The past year has seen major developments in the Data
Library. Increased data flow rates have required expansion
and streamlining of our data processing methods; new kinds
of data have been distributed, increasing the value of the
services offered; better methods for access to the data
collections have been offered; an increased proportion of
data have been submitted directly by researchers; and
design work has begun for the next generation of databases.
Worldwide efforts to map and sequence genomes of hitherto
unapproachable magnitude assure a challenging future for
the data suppliers.
The data collections

Nucleotide sequence data
The Nucleotide Sequence Database was the original motivation for the establishment of the group, and continues to
be the main endeavour of the Data Library. In the course
of 1988 the collection increased from 17.3 to 24.2 million
base pairs in a continuing trend of accelerated acquisition
of sequence data. The steady increase in data flow has
necessitated some expansion of the group, but it must be
borne in mind that the present database is still less than
one percent of the size of the human genome. Given the
momentum behind plans to sequence the human genome,
and developments in automated sequencing techniques, it
is becoming increasingly obvious that new database models
are required for the future. Resources cannot increase in line
with the size of the data collection.

Protein sequence data
The SWISS-PROT database of protein sequences introduced in 1987 has developed into one of the most popular
services offered by the Data Library. This collection is an
assembly of sequences from the PIR database together
with translations of coding sequences in our Nucleotide
Sequence Database. Most subscribers now take both col-

lections. In 1988 SWISS-PROT has grown from 1.6 million
amino-acids to 2.4 million. Data management systems under development aim to integrate the two collections more
fully, which will simplify life both for the user and for the
database staff.

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

Eukaryotic promoters
In 1988 we began to distribute a new database of eukaryotic
promoters (EPD) prepared by Philipp Bucher at the Weizmann Institute of Science. This database contains detailed
annotation of eukaryotic transcription start sites present
in the Nucleotide Sequence Database and documented
in the research literature. The database itself contains no
sequences, but rather references to the sequences. Its
releases are co-ordinated with and designed to be used
with the Nucleotide Sequence Database. EPD is important
not only for the scientific information it contains, but also
as a prototype for the future. Increased sequencing and
understanding of sequences makes it increasingly infeasible to maintain a centralized pool of expertise capable of
annotating the biological details of all the sequences stored
in the database, and indeed it has been argued that such
annotation is interpretive research work of a kind inappropriate to the databases. EPD, as a database maintained
remote from, but co-ordinated with the centralized sequence
collection, provides a model whereby the detailed biological
annotation can be carried out at remote sites which have
the appropriate expertise.
Data acquisition
Over the past two years much effort has been dedicated to
the development of mechanisms to ensure that sequence
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and related data are submitted directly to the databases.
Progress has been good. with almost 60% of new data
coming as direct submissions in recent months. The three
nucleotide sequence databases have established standardized submission mechanisms. using a single Data Submission Form. and recently the protein sequence databases
have joined this scheme. Most molecular biology journals
now distribute this form. and two (Nucleic Acids Research
and Plant Molecular Biology) only publish papers on receipt
of evidence that the data are in the database.
Direct submission is important because:
Abstracting the information from the research literature
is labour intensive.
Entries can appear in the database much sooner if
we get the information from the author early in the
publication process.
Machine readable submissions reduce the chance of
us introducing errors.
Authors can bring far more expertise to bear on annotating their own data than the database staff can.
Interpretive annotation is more a research than a database activity.
The scale of present day sequencing is reaching the
point where journals are finding it inappropriate to
print the actual sequences. If no mechanism to ensure
their deposition in the databases is in place. research
papers will be published whose underlying data are
unavailable to the research community.
With an increasing number of journals publishing
sequence-related papers (without the sequences).
scanning the literature to locate sequence data will no
longer be effective.
While the present rate of author submissions is encouraging.
with accelerating rates of sequencing. entering and annotating the remaining data can present an enormous workload.
The goal of ensuring more direct submission remains a high
priority.

Data management
The data management systems in use at EMBL have long
been strained by the volume of data and the complexity of
information to be represented. There has been substantial
progress in developing more capable data management
tools and data representation schemes.
Feature table

A small meeting of representatives from EMBL. GenBank
and the DNA Database of Japan (DDBJ) in June finalized
a design for a new feature table which gives the representational power to deal with the many problem areas
we have encountered with our old design and establishes
a common standard for this important area of annotation.
Implementation plans are being drawn up at present.
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Relational database management system

A preliminary design for the database following the relational model was completed in the summer of 1988 and
circulated for feedback. The second version of this design
has now been completed in the light of feedback received
using the EMBL Design Dictionary (EDD). a software tool
developed within the group to allow more rigorous control
and documentation of the design. Communication between
the EMBL. GenBank and DDBJ databases will be achieved
using a transaction protocol being developed in collaboration with the other two databases.

Data distribution
Magnetic tape subscriptions

The main way of distributing copies of the entire database
continues to be by posting magnetic tapes. The four releases of data in 1988 were supplied to just under 200
user sites. many of whom redistribute the data. often with
analysis software. The estimated total user community is of
the order of 10.000 scientists.
Network access

At the beginning of 1988 the Computer Group set up a
file-server allowing users of the Bitnet/EARN computer network to extract data from the databases over the network.
Upgrades during the year have extended the capability to
other networks. The Data Library has throughout the year
offered the nucleotide sequence data via this file-server. In
particular. data entered since the last release are. for the
first time. available to users. This is particularly attractive in
combination with the kind of submission arrangements we
have with Nucleic Acids Research. since it allows readers of
the journal to access the data as soon as the issue containing them appears. At present the file-server is processing
about 400 requests per month.
EMBnet

In 1988 a proposal for a European computer network supporting the needs of molecular biology was completed. and
four trial nodes in this DecNet based network were identified:
SERC Laboratory
UK).
CITI2 (Paris. France).
COAS/CAMM Center (Nijmegen. The Netherlands).
Hofmann-La Roche (Basel. Switzerland).
Towards the end of the year a working connection with CITI2
was established. and we are now running software which
updates their copy of the database on a daily basis. We
expect the other trial nodes to be up and running in the first
quarter of 1989. and will then gradually expand the system
to include nodes throughout the EMBL Member States.
CD-ROM

Progress was made in the latter half of 1988 toward the
provision of data on CD-ROM. This medium is attractive

because it is a cheap way of storing large quantities of
data, and the devices required to read it are within financial
reach of the typical personal computer user. In collaboration
with Philips Du Pont Optical, prototype CD-ROM retrieval
software has been developed, and we expect to produce
a prototype disk early in 1989. The design of a common
GenBanklEMBL CD-ROM format will be finalized soon.

Relationships with other databases

The EMBL, GenBank®, DDBJ collaboration
The now well established three-way collaboration on the
collection of nucleotide sequences continued to function
smoothly, with a one week joint meeting in Heidelberg, the
feature table meeting earlier in the year, and working visits
by Gunter StoBer and David Hazledine to the Los Alamos
group.
The main areas of discussion at the September meeting were aspects of the database design, co-ordinated
data-acquisition systems, a common CD-ROM format, and
systems to ensure consistency of content of the three
databases.

The protein sequence databases
The three-way collaboration in the nucleotide sequence
databases is now mirrored by a similar collaboration between the three main protein sequence databases: PIR in
America (Georgetown), MIPS in Europe (Martinsried) and
JIPID in Japan. Existing collaborations between the nucleotide and protein sequence databases are aimed at ensuring a consistent approach to data acquisition between the
six groups, at allowing cross-referencing between the two
kinds of data, and at standardizing representation of common data items. Nucleotide sequences entered at EMBL are
transmitted immediately to the MIPS group to allow them to
include translation products in their collection.

International advisory committee
In February the first meeting of the International Advisory
Committee for Nucleotide Sequence Databases took place
at the National Institutes of Health in Maryland, USA. This
committee advises the funding agencies of the three major

nucleotide sequence databases and is composed of scientists from Europe, the USA and Japan. The first meeting emphasized the importance of completeness in the databases,
co-ordinated data representation, and the need for integration of the various kinds of biological databases. This
was accompanied by a suggestion that detailed annotation
should be de-emphasised in favour of a minimum common
data set to be agreed between the databases. In September
the European members of the committee met in Heidelberg
and made a set of recommendations which reiterated the
suggested minimalist role for the databases, and encouraged a vigorous approach to ensuring that sequences and
related data are submitted directly to the databases.

Increased support for the Data Library
Towards the end of 1988 the EMBL Data Library and the
Services of the Commission of the European Community
reached agreement which will result in a contract whereby
the Data Library increases substantially in size and the European Community will provide some 40% of the resources
required in the coming two years. The expansion will bring
more effort to bear on the current operation, and will allow
models for the next generation of sequence databases to
be researched. During this two year period funding will be
sought to put the expanded Data Library on a more stable
financial basis in the future.

Publications during the year
Data Library Staff (1988). EMBL Data Library Release Notes
and User Manual, Releases 14, 15, 16, 17
Bairoch, A. & Data Library Staff (1988). SWISS-PROT Release Notes and User Manual, Releases 6, 7, 8, 9
Kahn, P. & Hazledine, D. (1988). NAR's new requirement
for data submission to the EMBL Data Library: information
for authors. Nucl. Acids Res., 16(10), i-viii
Kahn, P., Hazledine, D. & Cameron, G. (1988). A new
system for submission of nucleotide sequence data to the
EMBL Data Library. Plant Mol. BioI., 11, 541-550
Cameron, G. (1988). The EMBL Data Library. Nucl. Acids
Res., 16, 1865-1867
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Sequence and structure analysis of proteins and genes

Group leader: P. Argos
Scientist: J. Heringa*
Fellows: D. Bordo*, T. Gibson, L. Menendez-Arias*, M. Vingron
Assistant: R. Rechid*

The research group focuses on the theoretical analysis of
the sequence and structure of proteins and genes. The
work begins with examination of sequence and structure
databases to elicit basic structural and folding principles
and then attempts to move forward to the ultimate goal
of predicting tertiary structure from only a knowledge of
the primary sequence. Within this wider framework are the
specific projects of 1988 which are subsequently listed and
briefly described.

Sensitive searching for protein sequence homology
The search technique, which compares two protein sequences and relies on physico-chemical characteristics of
the amino-acids as well as multi length segmental comparisons, was discussed in detail in the 1985 Research
Reports. A user-friendly version of the computerized method
has been developed and is available for distribution to
academic institutions. In fact, about 60 requests have so
far been answered. The sequence search matrix can now
be displayed on a microVax or SUN workstation graphics
screen with user "mousing" of high score regions to align all
or any part of the compared sequences. Automatic methods
align what cannot be done visually. The sequence match,
conservation pattern, and significance assessment are all
output. If the visual interaction is not desired, a fully automatic procedure applied to the search matrix is available.
Laserwriter outputs are also possible.
The estimate of alignment significance, extremely important
in weaker matches of 15-35% residue identity, was greatly
improved. Several sequence pairs taken from actual proteins known to be structurally unrelated were run through
the search procedures. A mean correlation coefficient for the
resultant alignment over five residue characteristics (e.g. hydrophobicity) was determined for the multiple control tests.
This value was not 0.00 as random shuffling would yield
but was 0.28 which provided the basis for significance. It is
clear then that sequence shuffling followed by alignment is
not a sound criteria to test significance and cannot account
for local sequence bias found in evolved proteins.
158

The sensitive interactive method was compared to other
widely used algorithms (BESTFIT in the UWGCG package and ALIGN from the Protein Identification Resource).
The three techniques competed over five standard-of-truth
alignments resulting from tertiary structural superposition
of a-carbons. In every case the interactive search matrix
procedure proved itself more accurate and correct with
improvements as high as 80% over the other methods.
The sensitive technique was applied to secretory proteins
such as chromogranins and to viral coat proteins from
picornaviruses and retroviruses. A possible homology was
found between foot-and-mouth disease virus (FMDV) VP2
coat protein and simian immunodeficiency virus (SIV) p24
core protein which enclose the viral nucleic acid. Since the
FMDV protein is strongly homologous to rhinovirus VP2
of known three-dimensional structure and since the SIV
p24 sequence could be unambiguously aligned with that
from human immunodeficieny virus (HIV), it was possible to predict a tertiary fold in rough outline for the HIV
core protein. The exposed sequence spans could then
be predicted; these regions are likely antibody combining
sites and may play a key role in development of an AIDS
vaccine, especially since antibodies to p24 are found in
patients.

Multiple sequence alignment
User-friendly programs have been developed for simultaneous comparison of several sequences. The algorithm used
is based on clustering similar sequences into groups, fast
alignment of each group using common dipeptide anchors
and dynamic procedures for matching intervening regions,
and then group alignment by profile fitting. The programs
have been tested on alignments from tertiary structural
superposition and subsequently applied to the comparison
of new sequences. These include archebacterial and other
glyceraldehyde 3-phosphate dehydrogenases, ras-related
proteins, and arylsulfatases. The computerized algorithm is
presently available to academic institutions.

PLATE 55
Aligned polymerase sequences in the Asp-Asp region. DIR indicates "directed by" while PPR refers to the "polymerized product".
The matched oligopeptides suggest that the motif is important in

many polymerases, reverse transcriptases, and maturases, independent of the nucleic acid type in direction and product.
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Currently an algorithm is under development to increase
sensitivity of multiple alignment by considering local homologies present only among some of the sequences involved. Such an approach requires a rigorous recognition of
consistency amongst local homologies and an optimization
procedure to choose the most promising.

A sequence motif in many polymerases
A 15-residue sequence motif has been found in many
polymerases from various species and involving DNA and
RNA dependence and product. The motif is characterized
by a Tyr-Gly-Asp-(Thr)-Asp core flanked by hydrophobic
spans five residues in length (Plate 55). Secondary structure
predictions suggest the pattern to be a ,a-hairpin with the
Asp's exposed in an external loop. An mRNA maturase
segment and a span in the ,a-chain of polymerase II are
also suggested to display the motif patterns. The aspartates
may be important in polymerase function by acting directly
in catalysis and/or by binding magnesium. Rules based on
residue composition were developed for each position of the
motif that allow its delineation in a given sequence. Controls
were taken from the database containing all known primary
structures.

Engineering protein thermal stability
Amino-acid sequences have been compared for thermophilic and mesophilic molecules from six different protein families which included lactate and glyceraldehyde-3phosphate dehydrogenases, triose phosphate isomerases,
superoxide dismutases, thermolysins, and subtilisins. Since
a three-dimensional structure was known for at least one of
the sequences in each family, analysis of preferred residue
substitutions, presumably to achieve thermal stability, could
be examined from a structural context. The overall results
which are generally consistent across all the families suggested decreased flexibility and increased hydrophobicity
in a-helical regions as the main stabilizing principles. A
recipe of procedures has been suggested to achieve greater
thermal stability by site-directed mutagenesis in a primary
sequence with unknown tertiary structure.
(i)

Use secondary structure prediction methods to locate
likely helices within the sequence.
(ii) Pick a residue substitution with special emphasis on those that both decrease flexibility and increase hydrophobicity (Gly--->Ala, Ser--->Ala, Lys--->Arg,
Lys--->Ala).
(iii) Choose the mutation sensibly by avoiding steric
clashes, small-to-Iarge exchanges, or substitutions of
enzymatically important residues.
(iv) If helices are not predicted, select recommended substitutions in ,a-strand or turn predicted regions.

An investigation of domain linker peptides
A compilation of 51 linker peptides connecting domains
in known protein tertiary structures was used to find their
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average characteristics as residue length, preferred aminoacids, flexibility as evidenced in crystallographic temperature factors, accessible surface area, secondary structure, and degree of linear extensibility. Certain unique
properties were found. All known tertiary structures in the
Brookhaven database were then searched for oligopeptides
that optimally displayed these linker characteristics; several were delineated. A few are potential candidates for
general use in fusing any two genes or joining any two
domains.

Protein tertiary structure modelling
An approach to tertiary structure prediction is being evaluated. The method is outlined. Secondary structure predictions are made from aligned homologous sequences,
taking especial account of conserved hydrophobicity and
proline and glycine distributions. A crude model is built by
interactive computer graphics during which, through rotation
about main chain dihedral angles in loop sections, the
subsections of regular structure are packed together at their
hydrophobic surfaces. Constrained molecular dynamics is
used to effect more precise packing of the molecule. Cycling
through molecular dynamics and interactive rebuilding leads
eitherto a refined model or, should the model fail to reach an
unstrained and stereochemically reasonable conformation,
to its rejection and the evaluation of new substructures and
packing. A successful model must have the normal features
of protein structures such as allowed dihedral angles, a well
packed hydrophobic core, and buried hydrophilic groups
satisfied by hydrogen bonding.
Two model structures of small protein domains have been
developed. A model of the 28 residue "zinc finger" motif
has been published together with predictions concerning
its binding to DNA. This model explains every conserved
residue in the consensus derived from the E 200 known
motifs and is compatible with recently published partial
structural data derived by NMR. An opportunity to compare
it to the real structure is eagerly awaited. The glucocorticoid
receptor DNA-binding domain is currently being modelled.
A highly promising structure (still needing some refinement)
has been produced consisting of 2 helices, 2 hairpin loops
and assorted turns and loops with a core consisting of
hydrophobic residues and 2 zinc-cysteine clusters. Clear
roles are provided in the stru-::ture for the most highly
conserved hydrophobic residues, 3 conserved glycines and
a conserved aspartate. Current plans are to complete the
receptor model and provide predictions on the mode of DNA
binding and to extend the methodology to larger sequences
in order that its efficiency as a general approach can be
evaluated.

Summary of collaborative projects
EMBL scientists
Structural analysis of secretory protein primary sequences
from chromogranins A and Band secretogranin II (H.-H.
Gerdes & W. Huttner)

Protein engineering of the Rop protein (G. Cesareni, L.
Castagnoli, M. Kokkinidis, D. Tsernoglou, R. Frank, K. Ashman & J. Postma)
Theoretical considerations on the early evolution of life (A.
Lamond)
Protein tertiary structure modelling (J. Postma)

Saier, M.H. Jr., Yamada, M., Lengelev, J., Erni, B., Suda,
K., Argos, P., Schnetz, K., Rak, B., Lee, CA, Stewart,
G.C., Peri, K.G. & Waygood, E.B. (1988). Sugar permeases of the bacterial phosphoenolpyruvate-dependent phosphotransferase system: evolutionary relationships, probable
phosphorylation sites, and internal amphipathic a-helices.
FASEB J., 2, 199-208

External scientists
Protein engineering of soybean seed storage proteins (N.
Nielsen, Purdue University, USA)
Alignment and phylogeny of ras-related proteins (C. Sander
(EMBL) & K. Palme, MPI for Breeding, Cologne, FRG)
Sequence comparison of archebacterial and other glyceraldehyde-3-phosphate dehydrogenases (R. Hensel, MPI for
Biochemistry, Martinsried, FRG)
Alignment and sequence analysis of arylsulfatases (C. Peters, University of Gottingen, FRG)
Comparison and evaluation of methods to construct phylogenetic trees from sequence alignments (A. von Haeseler,
University of Bielefeld, FRG)
Zinc finger modelling (R. Brown, Harvard University, USA)

Publications during the year
Argos, P. (1988a). A sequence motif in many polymerases.
Nucl. Acids Res., 16, 9909-9916
Argos, P. (1988b). An investigation of domain and subunit
interfaces. Protein Engineering, 2, 101-113
Argos, P. & Fuller, S.D. (1988). A model for the hepatitis B
virus core protein: prediction of antigenic sites and relationship to RNA virus capsid proteins. EMBO J., 7, 819-824
Argos, P. & McCaldon, P. (1988). Theoretical and computer
analysis of protein primary sequences: structure comparison and prediction. In Genetic Engineering, Principles and
Methods, 10: eds. Setlow, J.K., , Plenum Press, New York,
pp.21-65
Gibson, T.J., Postma, J.P.M., Brown, R.S. & Argos, P.
(1988). A model for the tertiary structure of the 28 residue
DNA-binding motif ("zinc finger") common to many eukaryotic transcriptional regulatory proteins. Protein Engineering,
2,209-218
McCaldon, P. & Argos, P. (1988). Oligopeptide biases in
protein sequences and their use in predicting protein coding
regions in nucleotide sequences. Proteins, 4, 99-122
Murray, J.A.H., Cesareni, G. & Argos, P. (1988). Unexpected divergence and molecular coevolution in yeast plasmids. J. Mol. BioI., 200, 601-607
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Analysis of protein structures

Group leader: A.M. Lesk
Scientists: A. Pastore, J. Postma*, A. Tramontano
Fellow: S. Miller
Visitor: H. Molinari*
Assistant: R. Schnobel

During this year, projects have involved three of the major
classes of protein structures: a-helical proteins (the globins
and phycocyanin), ,B-sheet proteins (the immunoglobulins)
and ,B-a-,B proteins (those with barrels similar to that first
observed in triose phosphate isomerase). The work on the
globins and phycocyanin involves the analysis of new globin
structures and the working out of the relationship between
the globins and phycocyanin. With the immunoglobulins, we
are trying to understand the conformational determinants
of the antigen-binding sites, testing these ideas by predicting the structures of the antigen-binding domains of immunoglobulins for which crystal structures are in progress,
and trying to understand the structures of molecules related
to the immunoglobulins such as T-cell receptors. The work
on the a-,B barrels is an effort to understand the way in which
so many different proteins can take up this conformation:
there are now 17 protein domains showing the same folding
pattern.
If there is a unifying theme, it is the use of our understanding
of the structural relationships among closely-related proteins, developed over the last few years, to investigate the
structural relationships among more distantly related ones.

Structural analysis of two new globin
crystal structures (A. Pastore)
Two globin structures have recently been determined at high
resolution: the globin from the mollusc Aplysia limacina at
1.6 A resolution and a refinement of the globin from sea
lamprey. These two molecules present the main structural
features common to all known globins, including the classes
and patterns of helix packing previously observed. As
the amino-acid sequences of these homologous molecules
present only 30% homology, we developed general methodology for aligning the structures of distantly-related proteins,
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which we are now applying to the analysis of phycocyanin
and its relationship with the globins.

The antigen binding sites of immunoglobulins
(A. Tramontano & C. Chothia)
We have been trying to understand the origin of the conformations of the antigen-binding loops of immunoglobulins by
analysis of the structures of immunoglobulins determined by
x-ray crystallography.
We have tested our ideas by predicting the structures of
antigen binding regions of immunoglobulins of unknown
structure before their crystal structures are determined.
We have sent our prediction to the scientists carrying out
the x-ray crystal structure analysis of immunoglobulins, and
when the structures are determined experimentally we will
be in a position to test how good a prediction we made.
So far, we have been given suitable coordinates for testing
of our predictions of the antigen-binding regions of the
anti-lysozyme antibodies 01.3, HyHEL-5 and HyHEL-10.
We have also investigated the relationship between antigenbinding loops in immunoglobulins and regions of similar
conformation in other protein families. Many of the loop
conformations can be found in regions of other proteins,
not evolutionary related to immunoglobulins. In some cases
this reflects the fact that a few standard main chain conformations are assumed by short hair-pin loops, but often
longer regions appear in different structural contexts. They
are in some cases stabilized by similar interactions, but
these interactions may be provided by residues coming from
different parts of the protein. We also studied the relationship
of the loops to the regions flanking them to see to what
extent the identification of loops of similar conformation in
other proteins can be useful in modeling antigen-binding
loops.

The structure of interfaces between subunits
of dimeric and tetrameric proteins (S. Miller)

The outline structure of the T-cell cx-j3 receptor
(C. Chothia & D. Ross Boswell)

Molecular recognition occurs through the association of
complementary parts. Several generalizations about subunit
interfaces can be made:

From an analysis of the immunoglobulins of known structure
we derived a list of 40 sites crucial for the conserved
structure of the variable domains. With marginal exceptions,
homologous sites in the sequences of the T-cell cx-j3 receptors contain the same or very similar residues. Thus
the V a-V f3 dimer has a framework structure very close to
that of the immunoglobulins. Parts of the surface of the
Va-V f3 framework are hypervariable. The loops that form the
antigen-binding site are similar in size to those commonly
found in the immunoglobulins but have different conformations. Only limited sequence variations occur in the first loop
of the antigen-binding site in both Va and Vf3. This, and their
geometrical arrangement, suggest that they mainly interact
with the MHC proteins.

(1 ) Structu re:
(a) General: Oligomeric interfaces may be viewed
as combinations of four simple structural motifs.
Three are familiar modes of association of primary
and secondary structures in the interiors of subunits. The other resembles a structural feature of
the exteriors of monomers;
(b) Symmetry: Oligomers with even numbers of subunits are n-mers of dimers, the dimers having
twofold symmetry;
(c) Channel formation: This is common in tetrameric
interfaces because of the absence or near absence of contacts between two of the pairs of
subunits.
(2)

Hydropathy: Subunit interfaces typically have an atomic
composition intermediate in hydrophobic and charged
proportions between that of monomeric exteriors and
the interfaces between secondary structures. On the
average, interfaces are 67% non-polar and 13%
charged.

(3)

Bonding: Chmged hydro r
interfaces.

I

bonds are common in

The s\ ,cture of antibiotic vancomycin
and a vancomycin complex by NMR studies
and molecular dynamics calculations
(A. Pastore & H. Molinari)
We have studied the structure/activity relationships of the
glycopeptide antibiotic vancomycin by a combination of nuclear magnetic resonance (NMR) techiques with molecular
dynamics (MD) simulations. The bacteriocidal effect of vancomycin in the cell is thought to be associated with strong
binding of vancomycin to the cell wall and with resulting
changes in the three-dimensional arrangements of the cell
wall polymers, thus affecting the relative rates of cell wall
autolysis and the insertion of new cell wall material. As the
Ac-D-Ala-D-Ala dipeptide represents a common C-terminal
unit in the cell walls of several bacterial species, the complex
between vancomycin and the dipeptide is a simple model of
the binding.
The interactions between vancomycin and the dipeptide
have been studied by a combination of homo nuclear (HOHAHA, NOESY, ROESY) and heteronuclear (1H-15N inverse correlation) two-dimensional NMR experiments, to
obtain distance information. Those distances have been
subsequently employed as geometric restraints in dynamic
simulation runs using the GROMOS package. The comparison between the structures obtained for vancomycin alone
and for the complex have suggested a new hypothesis on
the binding mode of this system.

Elbow motion in the immunoglobulins involves
a molecular ball and socket joint (C. Chothia)
Studies by electron microscopy, fluorescence polarization,
hydrodynamics and x-ray crystallography have demonstrated the ability of different parts of immunoglobulin
molecules to move relative to each other. The structures of
immunoglobulins of the same sequence in different crystal
forms, and those with different sequences, have shown that
the movements involve local changes in the conformation of
the peptides linking different domains, including the switch
regions that link the VL -V H dimer to the C L -C HI dimer. In
immunoglobulins of known structure the movement of the
VL -V H1 dimer relative to the C L -C HI dimer also involves
the interactions of three VH residues and two CHI residues
that form the molecular equivalent of a ball and socket
joint. The almost absolute conservation in the sequences
of immunoglobulins and T-cell receptors of the residues
that form these interactions suggests that this is a general
feature of functional importance.
Structural principles of cx-j3 barrel proteins:
the packing of the interior of the sheet
(C.-I. Branden & C. Chothia)

cx-j3 barrel structures similar to that first observed in triose
phosphate isomerase are now known to occur in fourteen
enzymes. To understand the origin of this protein fold, we
analysed the geometry of the eight-stranded j3-sheets, and
the packing of the residues at the center of the barrel, in
three of these proteins: spinach glycolate oxidase (GAO),
Rhodospirillum rubrum ribulose-1,5-bisphosphate carboxylase (RubisCO), and chicken triose phosphate isomerase
(TIM). The pattern of packing in the region within the sheet
is seen in its simplest form in glycolate oxidase. It consists
of three layers each of which contains four side chains. The
structures of RubisCO and TIM can be understood in terms
of distortions of this basic pattern, caused by residues with
small side chains at some of the positions inside the barrel.
Two classes of packing are found. In one class (RubisCO
and TIM), the central layer is formed by a residue from the
odd-numbered strands, and the upper and lower layers are
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formed by residues from the even-numbered strands. In the
second class (GAO) this is reversed. Our results suggest
that not all proteins with this fold are related by evolution,
but that they represent a common favourable solution to the
structural problems of creating a ,8-barrel.
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.
Publications during the year
Chothia, C. & Lesk, A.M. (1987). The evolution of protein
structures. Cold Spring Harbor Symp. Quant. BioI., LII,
399-405
Chothia, C., Boswell, D.R. & Lesk, A.M. (1988). The outline
structure of the T-cell rx,8 receptor. EMBO J., 7, 3745-3755
Lesk, A.M. (1988). Introduction: Protein Engineering. BioEssays, 8, 51-52
Lesk, A.M. (1988). TATA for Now.... Book review, of G. von
Heijne, Sequence Analysis in Molecular Biology / Treasure
Trove or Trivial Pursuit: Trends in Biochem. Sci., 13, 410
Lesk, A.M., ed. (1988). Computational Molecular Biology:
Sources and Methods for Sequence Analysis; Oxford University Press.
Lesk, A.M. & Chothia, C. (1988). Elbow motion in the
immunoglobulins involves a molecular ball-and-socket joint.
Nature, 335, 188-190
Pastore, A., Lesk, A.M., Bolognesi, M. & Onesti, S. (1988).
A structural alignment and analysis of two distantly related
structures: Aplysia limacina myoglobin and sea lamprey
globin. Proteins: Structure, Function and Genetics, 4, 240250
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The Director's group

Group leader: L. Philipson
Scientist: V. Sorrentino*
Fellows: C. Cicala*, C. Ciccarelli*, M. Etzerodt*, B. Kallin*
Visitors: P. Chiurazzi*, C. Locardi*, A. Sala*
Assistants: R. King*, C. Winter*

Two projects have been studied during the year.

Negative regulation of cell growth
The study of growth control of animal cells has in recent years mainly focused on the external signals inducing growth, i.e. growth factors and their receptors and the
growth-related genes affected by them. These studies have
revealed a close interrelationship between proto-oncogenes
on the one hand and cell cycle genes, growth factors and
their receptors on the other. Few data have accumulated
about the molecular mechanism which governs or induces
the establishment of growth arrest. However, studies with
heterodikaryons between senescent or quiescent cells on
the one hand, and actively replicating normal or transformed
cells on the other (Stanbridge, 1987) provide evidence that
the replicative potential of cells may be recessive. Cell proliferation may therefore be regulated by an interplay between
positive (inducer) and negative (suppressor) molecules produced by the cell. In accordance with these observations
growth inhibiting mRNAs isolated from culture cells rendered
either quiescent by serum starvation, or senescent by prolonged culture have recently been identified (Lumpkin et al.,
1986). The inhibition of growth of epithelial and endothelial
cells in culture has also been observed with the growth
factor TGF /3 (for a review see Massague, 1987).
These results led us first to characterize Go-specific genes,
whose expression is negatively-regulated by serum and
growth factors, and then to develop an assay for S-entry
delay-mRNA isolated from arrested lymphocytes and established cell-lines.
In collaboration with the group of Wilhelm Ansorge we have
participated in the development of an automated capillary
microinjection system which can inject more than 1,500 cells
per hour. The injected cells can be retrieved with accuracy
and DNA synthesis in individual cells can easily be scored
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by detection of BUDR incorporation with a monoclonal antibody and by coinjection of a marker to identify the injected
cells (Pepperkok et al., 1988a). With this technique we
have shown that naturally quiescent human lymphocytes
consisting predominantly of T cells contain mRNAs that inhibit DNA synthesis when injected into either human diploid
fibroblast or transformed recipient cells. mRNA isolated from
arrested T cells is able to block the cell from entering the
S phase. The block is reversible and leads to a delay in
DNA synthesis. Inhibition is not observed if injected mRNA
is isolated from growth-activated T cells. The disappearance
of the inhibitory activity coincides with the approach of the
G1/S boundary in both donor T cells and recipient human
fibroblast. The mRNA of resting T cells was size-fractioned
and the peak inhibitory activity was recovered in a fraction
of around 1.5 kilobases (Pepperkok et al., 1988b).
To identify RNA sequences preferentially expressed in
growth-arrested cells a subtraction cDNA library was made
from serum-starved NIH 3T3 cells. Six cDNA clones were
identified varying in abundance from 2% to 0.0002% of the
library and in size from 0.8 to 10 kilobases. The corresponding mRNAs are down-regulated with different kinetics upon
induction of growth by serum. Thb kinetics of induction after
serum starvation and density-dependent inhibition of two of
these growth arrest-specific (gas) genes were investigated
in more detail. Two cell-lines transformed by viral one genes
did not express the two gas genes. The full-length cDNA
for one gene has been sequenced and the protein product
has been preliminarily characterized by in vitro translation
(Schneider et al., 1988).
To bridge between the studies on microinjection and growth
arrest-specific genes we are now attempting to micro inject antisense RNA-oligonucleotides for the gas genes and
record a delay in growth arrest, or alternatively an induction
of cell growth. The gas gene mRNAs seem to be present in
several fibroblastic cell-lines but absent in arrested epithelial
cells with or without pretreatment with TGF /3. Therefore

we are preparing new cDNA libraries both from arrested
epithelial cells and from TGF,B-inhibited cells using the same
subtractive procedure that was applied to identify the gas
cDNAs from the fibroblastic NIH 3T3 cells. Since TGF,B
preferentially arrests epthelial and endothelial cells such
cell-lines are used for generating the new cDNA libraries.
Concurrently we are characterizing several of the gas genes
both by sequence and their expression during embryonic
development as well as in different model systems where
terminal differentiation can be induced in vitro.
Proteins associated with small nuclear RNA
Our studies on the genes for the U RNP proteins have
continued and the cDNA and two genes for the Xenopus
laevis U1 snRNP 70k protein have been cloned and partially
sequenced (Etzerodt et al., 1988). The Xenopus cDNA
encodes a protein whose predicted molecular weight is
57k but which migrates as a 70k protein in SDS-PAGE
when translated in vitro from a cDNA transcript. The protein
sequences of the human and Xenopus U1 70k are very
similar. Analysis of severai genomic clones suggests that
there are at least two and possibly more different genes
coding for the 70k protein in the Xenopus genome. The two
genes analyzed in detail cover around 16 kilobases and
are divided into 10 exons of which the last exon covers
more than half of the protein coding sequence. During
Xenopus development several different stage-specific RNAs
are detected, all hybridizing to the U1 70k cDNA. The
promoter region of one of the cloned genes has been
demonstrated to be functionally active and to show apparent
differences from other pol II promoters.
Publications during the year
Dreyfuss, G., Philipson, L. & Mattaj, loW. (1988). Ribonucleoprotein particles in cellular processes. J. Cell BioI., 106,
1419-1425
Etzerodt, M., Vignali, R, Ciliberto, G., Scherly, D., Mattaj,
I. W. & Philipson, L. (1988). Structure and expression of a
Xenopus gene encoding an snRNP protein (U1 70k). EMBO
J., 7, 4311-4322

Manfioletti, G. & Schneider, C. (1988). A new and fast
method for preparing high quality lambda DNA suitable for
sequencing. Nucl. Acids Res., 7, 2873-2884
Pepperkok, R., Schneider, C., Philipson, L. & Ansorge,

W. (1988a). Single cell assay with an automated capillary
microinjection system. Exp. Cell Res., 178, 369-377

Pepperkok, R, Zanetti, M., King, RM., Delia, D., Ansorge,

W., Philipson, L. & Schneider, C. (1988b). An automatic

microinjection system facilitates the detection of growthinhibitory mRNA. Proc. Natl. Acad. Sci. USA, 85, 6748-6752

Philipson, L. (1988). Positive and negative control of carcinogenesis. Eur. J. Haematol., 41, 305-316
Schickedanz, J., Philipson, L., Ansorge, W., Pepperkok,
R, Klein, R & Koszinowski, U.H. (1988). The 89,OOO-M r
murine cytomegalovirus immediate-early protein stimulates
c-fos expression and cellular DNA synthesis. J. Virol., 62,
3341-3347
Schneider, C., King, R.M. & Philipson, L. (1988). Genes
specifically expressed at growth arrest of mammalian cells.
Cell, 54, 787-793
Stunnenberg, H.G., Lange, H., Philipson, L., van Miltenburg,
RT. & van der Vliet, P.C. (1988). High expression of functional adenovirus DNA polymerase and precursor terminal
protein using recombinant vaccinia virus. Nucl. Acids Res.,
16, 2431-2444
Other references
Lumpkin Jr., C.K., McClung, J.K., Pereira-Smith, O.M. &
Smith, J.R (1986). Existence of high abundance antiproliferative mRNAs in senescent human diploid fibroblasts.
Scfunce, 232, 393-395
Massague, J. (1987). The TGF-,B family of growth and
differentiation factors. Cell, 49, 437-438
Stanbridge, E.J. (1987). Genetic regulation of tumourigenic
expression in somatic cell hybrids. Adv. Viral Onco!., 6,
83-101
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The Outstation at the DESY, Hamburg

Head: K.S. Wilson
Scientists: C. Betzel, M. Bohm, Z. Dauter, K. GOth*, J. Hendrix, C. Hermes, M.H.J. Koch, Y. Maeda, G.C. Nicolae, K. Petratos, Z. Sayers
Fellows: C. Bachler*, S. Klupsch, H.-F. Nolting*, P. Sicre, A. Stewart
Students: A. Bartels*, P. Brouillon*, C. Odefey*, G. Papendorf*, C. Trankner*, T. ThOne
Short-term visitors: C.C. Ashley, M.A. Bagni, K. Bartels, H.H. Bartsch, H.-D. Bartunik, I. Bayer, V. Beecken, W. Bennett, Z. Berkovitch-Yellin, R.
Bermich, A. Bigi, L. Boehm, K. von Bohlen, T. Borchert, B. Brenner, J. Brown, S. Buchanan, M. Calligaris, P. Carloni, G. Cecchi, E. Cedergren, D.
Christmann, F. Cordes, Y. Cumarov, L. Delbaere, K. Diederichs, F. Diehl, M. Donatz, J. Drenth, .. DOrring, P. Eggers-Borkenstein, .. Engelmaier,
U. Ermler, U. Evers, G. Ewald, O. Faver, M. Feiters, J. Finch, J. Fitter, W. Folkhard, G. Fritsch, F. Frolow, D. Funhoff, W. Geerken, R. Gessner,
C. Glotz, R.S. Goody, J. Gorga, J. Granzin, P.J. Griffiths, M. GrOtter, Y. Halfon, H. Hansen, D. Heinz, R. Hilgenfeld, W. Hinrichs, B. Hofmann,
W. Hohne, A. Hordvik, S. Hottentrager, H.E. Huxley, L. Jacob, C. Jacquet, H. Jagla, J. Johnson, K. Kalk, Z. Kangjing, J.S. Kim, M. Kjeldgaard,
C. Klein, K. Kleppe, E. Knorzer, M. Kockerling, I. Kolin, J. Kopcke, M. Korner, M. Kokkinidis, T. Kraft, C. Kratky, M. Kriechbaum, .. Krieger, R.
Ladenstein, P. Laggner, A. Lahm, G. Lange, G. Larson, Y. Li, B. Lichtenberg, C. Lippmann, S. Lorentz, I. Makowski, S. Mangani, G. Mant, B.
Marks, A. Marx, E. Mandelkow, E.-M. Mandelkow, A. Messerschmidt, H. Michel, A. Mikhailov, H. Monaco, P. Moody, K. Morgunowa, E. Mosler,
C. MOiler, A. MOlier-Fahrnow, J. Newman, K. Nielsen, P.E. Nielsen, H. Notbohm, H. Obermann, R. Pauptit, R. Pettifer, K. Piontek, K.J.V. Poole,
S. Prel-ROffer, S. Priggemeyer, D. Popp, F. Poulsen, J.w. Quail, G. Rapp, T. Richmond, M. Rossmann, N. Roveri, A. Sawaryn, G. Schertler, B.
Schiller, P. Sehnke, R.M. Simmons, I. Sinning, A. Smalaas, J.-D. Smit, G. Somjen, C. Staddou, K. Stegen, T. Stehle, M. Steifa, M. Struck, G.
Suarez, C. Sudfeldt, D. Suck, H. Swift, P. Tang, A. Teplyakov, S. Thirup, G. Thoms, M. Tomasicchio, Y. Tor, J. Troller, G. Tsiotis, C. Urbauke, G.
Veldink, N. Volkmann, H. Voss, A. Vrielink, G. Weber, S. Weinstein, C. Weiss, A. Wegner, J.-P. Wery, D. Wiley, M. Wilmanns, P. Willingmann,
H.T. Witt, J.S. Wray, A. Yonath, H. Yonath, L. Yu, G. Zanotti, K. Zemke
Assistants: P. Bendall, M. Dauter*, E. Dorrington, T. Gehrmann, D. Hopp, M. Ingelman, R. Klaring, M. Kretzschmer, A. Lentfer, S. McLaughlin,
A.-M. Michon, A. Miegel, N. Pipon, V. Renkwitz, B. Robrahn, H. Terry

DESY (Deutsches Elektronen-Synchrotron) came back into
full-time operation in May, and the storage ring (DORIS)
acted as a source of synchrotron light from then until December. This came after a long shut down from October
1986, during which the central synchrotron was upgraded to
DESY 3 in order to provide particles (protons and electrons)
for eventual injection into the new ring for high energy
physics, HERA, with a circumference of 7 km. The first
electrons were injected into HERA early in 1988, and very
shortly afterwards a circulating beam was achieved. HERA
will be commissioned in 1990.
DORIS was run in main-user mode, when the ring was
dedicated to the production of synchrotron light, for two
periods of 5 weeks. 15 weeks of parasitic beam-time were
available, with both electrons and positrons circulating in
the ring: under these conditions the high energy physics
experiments dominate the operating conditions. There was
some instability in the ring during the first shifts of both
main-user and parasitic modes as might be expected after
such a long shut down, but DORIS has been an excellent
source of light for our experiments during most of the year.
DORIS shut down in early December, and will restart at the
end of January. A full year's operation is expected for 1989,
with three periods of main-user time.

In main-user mode we are only able to use the three EMBL
beam-lines in the Hamburg Synchrotron Laboratory (HASYLAB): the EXAFS line, line X33 for small-angle scattering,
and line X31 for protein crystallography. In parasitic time we
can use these lines and in addition the lines in the EMBL
bunker: X11 for protein crystallography, and the new X13
for small-angle scattering.
The differences in operating parameters for the DORIS ring
in parasitic and in dedicated (main-user) modes are shown
in Plate 56.
PLATE 56
Operating Conditions at DORIS
Parasitic
Main-user
Mode
Dedicated to SR
Users
High
physics+S
Particles in ring
Electrons and
Electrons only
Positrons
HASYLAB+EMBL HASYLAB only
Beam-lines
5.5 GeV
3.7 GeV
Ring energy
1 Hour
3 Hours
Fill length
90 mA
Ring current
40 mA
1.34A
0.41 A
Critical >'c
Multi Bunch (4)
Number of bunches 1
15
Weeks per year
30
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The EMBL Outstation continued to provide synchrotron radiation for the molecular biology community of Europe, with
the strong support of the DESY and particularly HASYLAB
staff. As well as providing radiation for the projects of the
in-house staff, the EMBL beam-lines were used by over 150
visitors from many groups, including those of our neighbours
on the DESY site: the three Max Planck Groups for structural
molecular biology in Hamburg. The priorities committee
of external scientists who scrutinize the applications for
beam-time last met in November 1987. The next meeting
is planned for mid-1989. Scientists working on problems of
structural molecular biology which need synchrotron radiation are encouraged to apply for beam-time by contacting
the head-of-outstation. Test experiments to investigate the
feasibility of a project can often be carried out at relatively
short notice.
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PLATE 57
The principle of the image plate
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The erased plate is
now ready to be
used again

Instrumentation and development
An Imaging plate scanner (J. Hendrix & A. Lentfer)

The most exciting development in the Outstation has been
the in-house design, development, completion and testing
of a scanner for "image plates" in much less than one year.
Only at the start of 1988 did we decide that such a scanner
should be developed for the crystallography beam-lines, as
it was not clear when the commercial devices would become
available and we needed such an instrument if we were not
to fall behind other groups already building scanners in the
USA.
"Image plates" are layers of storage phosphor on a solid
base. They have been developed for medical x-ray imaging,
with appropriate scanners for that application. The properties ascribed to the plates in the literature seem to offer great
possibilities as a detector system for protein crystallography.
We carried out tests of the plates which confirm a large
dynamic range and a high sensitivity.
The principle of the plate is shown in Plate 57. The image
plate can store intensities as latent images in the form
of colour centres. There are metastable states of trapped
electrons in the BaFBr:Eu 2+ phosphor. The stored image is
read out by scanning the plate with red He-Ne laser light.
The resulting blue stimulated luminescence has an intensity
proportional to the number of absorbed x-rays. The scanner
which carries out the read-out should be optimized to obtain
the maximum number of photoelectrons per absorbed x-ray
quantum.
The configuration chosen for Hamburg has a single circular
image plate which is fixed in the scanner. After exposure
the plate is rotated and scanned by a reading head in
a record-player-like manner. At the end of the scan the
rest of the image is erased by illumination with intense
visible light. Then the plate can be exposed again to collect
a new pattern. The single disadvantage of the system is
that the exposure has to be interrupted for the two minutes of the scan/erase cycle. However the image plate
has considerable advantages over film for most applications.
The specifications of the Hamburg scanner are as follows:
20 cm
Plate diameter
Spatial resolution 180 J-Lm x 188J-Lm
Number of pixels about 106
Sensitivity
1-2 photons per ADC unit at 8keV
Intrinsic noise
2-3 x-ray photons equivalent
Dynamic range
1:16,383 (14 bits)
The new detector has been used for preliminary data collection for protein crystallography during the last quarter
of 1988. The sensitivity appears to be at least 20 times
higher than x-ray film: i.e. exposure times can be reduced
by this factor for the same signal-to-noise ratio. A threedimensional plot of a typical pattern is shown in Plate 58.
The background in the figure is almost entirely due to the
scattering of x-rays and is not caused by intrinsic noise from
the detector.

PLATE 58
A three-dimensional plot of a 2.5°oscillation pattern from a native
thermitase crystal at 2.5 A using the image plate scanner (Alex
Teplyakov).

Some of the more challenging applications tested were
the collection of the first white-beam "Laue" patterns in
Hamburg, see Plate 59, and the recording of diffraction
patterns of ribosome crystals with data out to a resolution
of 4.7 Aby Ada Yonath and colleagues, see below.
A striking advantage of image plates for applications with
synchrotron radiation is the high sensitivity at short wavelength, 1 A and below. For example Alex Teplyakov who
is visiting us from Moscow has recorded preliminary data
to 1.35 A from a crystal of the protease thermitase with
smallest dimension only 25 J-l using a wavelength of 0.8 A.
At this wavelength the absorption by protein crystal and
capillary become negligible eliminating the largest potential
systematic error in data collection. In addition radiation
damage appears to be reduced at these wavelengths and
the diffraction pattern to have lower background.
Some modifications still need to be made to the scanner
read-out and software before the system is routinely used for
data collection. The scanner is controlled from a MicroVAX
and the interface and control software have been developed
in-house. The MOSCO film package from the U.K. CCP4
has been modified for processing of the image data. Our
highest priority in 1989 is to bring the system to a level

where it can replace film methods for most projects, and
allow users to return home with at least digitized images,
and, ideally, reduced data.
The image plate possesses immense advantages over film
for most purposes. However it is not a real-time twodimensional detector. We shall return to the development
of such a device once the scanner is fully commissioned.
Scanner controller and data-read-out
(G. Nicolae, B. Robrahn & C. Tral1kner)
The scanner controller is a programmable interface between
the scanner device itself and the MicroVax-computer. It
provides the parametric control for the scanner, according to
high-level commands from the scanner software. Although
based on a high-level programmable microcontroller, the
scanner controller contains hardware facilities for the realtime control of the scan-process: dedicated hardware logic
monitors the rotational movement of the imaging plate and
triggers the AID conversion for spatially equidistant samples.
The rotation speed is also controlled for constant scan
speed over the whole imaging plate. Different components
of the scanner-device, e.g. laser, photomultiplier and erasing
lamps, can be correctly actuated for each angular position.
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PLATE 59
A Laue pattern on beam-line X31 for the proteinase savinase
complexed with bacitracin recorded on the image plate scanner.
The exposure time was about 0.5 sec.

In this way the scan process can be parameterized for
different scan resolutions and speeds. The scan parameters
are downloaded as encoded tables from the MicroVAX. The
microcontroller resident software - written in C - can support
different scanning configurations without changes.

spiral trajectory, the rotation speed and the sampling angle
have to be continuously increased towards the centre of the
plate. Because of the finite resolution of the angle encoder
the continuous increase has to be approximated by discrete
steps.

The digitized scanned data are transferred to the MicroVAX
using a high-speed microengine based controller in connection with a DRV11-W interface. Transfer rates up to 0.8
Mbytes/sec are supported. A hardware FIFO of 4k x 16 bits
compensates for read latency of the MicroVAX.

For display and further processing the scanned data have to
be transformed into a rectangular coordinate system. This
is done at present by a nearest neighbour algorithm without
interpolation_ A linear or polynomial interpolation between
several neighbouring points would be more accurate but at
the expense of a much longer computing time. Because of
the discrete approximation of sampling angles the nearest
neighbours cannot be calculated by a simple formula at run
time. Therefore they are stored in a transformation table.

Scanner software (M. B6hm)
Scanning geometry and coordinate transformation

The image plate is scanned by moving a scan head continuously over a rotating disk, just like a normal record player.
The resulting scan trajectory is a spiral. Information about
the position is provided by an angle encoder. To achieve
uniformity in sampling area and sampling speed along the
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Scanner control and read-out

For the motion profile and the sampling angles, tables are
calculated and sent to the scanner controller to control motor
speed and direction, to operate and check various switches

and to trigger the digitizer. The tables are downloaded via
a serial interface (V24) which is also used for the exchange
of control messages. The sampled data are read into the
computer via a parallel DMA interface in blocks of 32k x 16
bit pixels. During read-out the process priority is raised to a
real-time priority and the data buffer is locked in the process
working set. The remaining small gaps between data blocks
are bridged by a FIFO on the controller.
Data collection and inspection

The program manages data buffers for the original scan
data, for the transformed image, for a response image for
the correction of inhomogeneities and for the corrected
image. All buffers can be saved, loaded, displayed and
inspected in several ways, including contrast manipulation, zooming, display of numerical values, calculation of
statistics, plotting of cross sections averaged over rows or
columns and measurement of positions and distances.
User interface

A graphical user interface with multiple windows has been
implemented using the graphics kernel system,GKS. All
user interactions are via virtual GKS devices like menues
for choices, locators to mark positions, valuators for numerical and string devices for alphanumerical parameters.
The interactions are controlled by a finite state machine.
Status and validity information is maintained for all buffers
and parameters to prohibit the use of invalid data and to
avoid unnecessary recalculations and user prompts.

Data acquisition and processing
(G. Nicolae, B. Robrahn & C. Trankner)
The development of the multitransputer node has been continued. A new arbitration scheme has been used for better
access to the common data over the pixel bus. A software
kernel has been implemented in OCCAM for testing simple
algorithms for regular data partition. Fortran and C have
been ported on the node to estimate the processing speed
for programs written in high level languages. Investigations
have been started for connection of different detector devices for use in experiments.

Computing (M. Bohm, P. Bendall & S. McLaughlin)
New workstations and disks increased our computing power
significantly. An ethernet-based MicroVAX cluster was set
up in which all workstations have access to all disks and
share peripherals such as terminals and printers. Having
only one copy of all software avoids inconsistencies and
makes software maintenance much easier. This move towards a distributed system allowed us to shrink the computer room, creating space for two additional offices and a
terminal and workstation room.

Workshop activities (T. Gehrmann,
R. Klaring, M. Kretzschmer & V. Renkwitz)
As well as providing support for the operational beam-lines
the workshop have completed two major projects this year

with the instrumentation group. The first is the construction
of the mechanical parts of the scanner described above.
The second is the completion of the X13 beam-line for
small-angle scattering. The beam-line is similar to the protein crystallography line X11, with horizontal focusing using a Ge(111} monochromator crystal and vertical with a
flat segmented mirror mounted on an continuously bent
bench. This will be available for experimental work early
in 1989.
EXAFS (C. Hermes & H.-F. Nolting)

Instrumentation
A new cooling system for the monochromator crystals of the
EXAFS spectrometer was installed which almost completely
eliminates thermal drifts of the x-ray energy. To allow rapid
changes of the monochromator crystals Le. from Si(220}
to Si(111} a second double crystal system was built. It is
now possible to choose the intrinsic energy resolution of
the spectrometer according to the specific requirements of
the experiment.

Experimental projects
As a new project with the University of Florence (S. Mangani, P. Orioli & L. Messori) EXAFS studies on alkaline
phosphatase were started. This zinc enzyme is a dimer
(M=94,OOO) with three distinct metal binding sites per
monomer. Low resolution x-ray diffraction studies have not
been able to determine unambiguously the structure of the
active site and the nature of the metal ligands. To differentiate between the A and B sites EXAFS measurements
were performed on a zinc-containing form (A:Zn) and on a
metal substituted sample (A:Zn,B:Co); in the latter form both
absorption edges were investigated. In addition, the zinccontaining form was studied in the presence of substrate
(phosphate).
The investigations on phosphatases in collaboration with
the University of MOnster (P. Eggers-Borkenstein, S. Priggemeyer, G. Henkel, B. Krebs, M. Korner & H. Witzel) were
continued. EXAFS studies on the binuclear centre at the
active site of purple acid phosphatase from kidney beans
were started. Each of the two subunits of this enzyme
(M=120,OOO) contains one Zn(lIlIFe(llI) centre. Fluorescence data were recorded on both metal edges of the native
enzyme and of substrate complexes at different pH-values.
Preliminary data evaluation shows a large degree of similarity between the iron edges of the three different preparations, whereas there are significant variations in the zinc
edges. This suggests that predominantly Zn is involved in
the enzyme/substrate interaction. A more detailed description will be possible after evaluation of the EXAFS data. The
empirical amplitude and phase functions required for a reliable analysis of these data can be obtained from appropriate
model compounds which were also measured last year by
the MOnster group (S. Priggemeyer, P. Eggers-Borkenstein,
A. Stieneker, G. Henkel & B. Krebs). The evaluation of
EXAFS data collected on purple acid phosphatase from beef
spleen will also be based on these models.
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PLATE 60
(A) XANES spectra and (8) Fourier transforms of the k3 -weighted
fine structure of glucose isomerase, (1) frozen solution, (2) polycrystalline, (3) lyophilized: energy-zero at 7717 eV.
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The characterization of the tight binding site (B-site) of
glucose isomerase (P. Eggers-Borkenstein, G. Henkel, B.
Krebs, C. Sudfeldt & H. Witzel, University of MOnster)
was completed. The differences in the spectra of frozen
solutions, freeze-dried, and polycrystalline material, Plate
60, could be interpreted as a partial loss of ligands in
the lyophilized enzyme. Further investigations on the weak
binding site (A-site) and studies on other metal substituted
forms of the enzyme are in progress. As a result of this
work it became evident that empirical amplitude and phase
functions obtained from model compounds are necessary
to extract reliable structural parameters from curve fitting
analysis.
A new collaboration was started with the University of
Utrecht (M.C. Feiters, GA Veldink & J.F.G. Vliegenthart) to
do EXAFS studies on the unique non-heme iron site in soybean Iipoxygenase-1 (M=94,038). This enzyme catalyzes
the deoxygenation of linoleic acid to its fatty acid hydroperoxide. Data were recorded on native (Fe(lI)) lipoxygenase
under various conditions, viz. oxygenated, deoxygenated,
and deoxygenated + linoleic acid. Preliminary analysis indicates that there is no change in the Fe(lI) coordination
upon addition of one of the substrates (linoleic acid, dioxygen) alone. Furthermore, data were obtained on lyophilized
yellow (Fe(lIl)) Iipoxygenase, and an edge shift of approx.
4 eV towards higher energy was observed, in agreement
with the proposed valence change. Further experiments are
planned on lyophilized native enzyme, and yellow enzyme
in frozen solution. Detailed data analysis is in progress in
Utrecht.

Small-angle scattering: non-crystalline systems
(M. Koch, Z. Sayers, A.-M. Michon & P. Sicre)
A complete CAMAC data acquisition and evaluation system
for a linear or quadrant detector was implemented on an
IBM-AT using a Kinetic Systems interface. The basis of the
software is a new CATV compiler written in C by F. Golding
(Manchester) that allows us to use all our hardware test,
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beam-line control and data acquisition programs without
modification. This portable system provides the possibility
of preparing experiments outside the beam-line and can
also be used for other types of experiments (e.g. optical)
requiring time framing down to 10 J1.s. Linear (20 cm)
or quadrant detectors with delay line read-out built by A.
Gabriel and F. Dauvergne (EMBL, Grenoble) connected to a
new programmable interface designed by C. Boulin (EMBL,
Heidelberg) can be used on this system as well as on our
usual VAX/LSI system with a resolution of 128, 256,512 or
1024 channels and a maximum total count rate of several
hundred kHz (Le. an order of magnitude higher than any
existing commercial system). All standard interactive data
evaluation and modelling programs which usually run on a
VAX have also been adapted to the IBM/AT.
On the beam-line, a pair of horizontal slits is being installed
in front of the monochromator to obtain a cleaner camera.
Chromatin

Model calculations of the electric dichroism of chromatin in
the uncondensed and condensed state were made and the
results compared with those of experiments (in collaboration with R. Marquet & C. HOI.":'3sier, University of Liege).
Furthermore, it was shown by x-ray solution scattering that
a "10 nm" filament can only be obtained in conditions of
electric non-neutrality when the chromatin filaments, like all
polyelectrolytes, expand. Measurements on chromatin with
shorter linker from Ehrlich ascites (in collaboration with P.E.
Nielsen, University of Copenhagen & H. Notbohm, Medizinische Hochschule, LObeck) indicate that the diameter of
the condensed fibres is significantly smaller than for chicken
erythrocyte chromatin. The structural effects of the interaction of chromatin with different intercalating agents (actinomycin, daunomycin, methylene blue) and of the solubility
effects of amino-acids were also studied. These results are
described in a forthcoming publication explaining most of the
discrepancies between physico-chemical measurements on
chromatin obtained by different groups.

A collaboration was started with L. Boehm (University of
Stellenbosch, South Africa) to obtain measurements on
chromatin from mitotically active cells. The ultimate aim of
these experiments is to study the effect of acetylation on the
condensation properties of chromatin. Cultivation of chinese
hamster lung fibroblast (V79) cells in the presence of sodium
butyrate inhibits the deacetylation of in vivo acetylated histones and generates acetylated chromatin. These cells are
prolific growers with a doubling time of 12 h in the conditions
used. Conditions were found to extract chromatin from these
cells and first test measurements indicate that this chromatin
presents the same general features as, for instance, chicken
erythrocyte chromatin. It is now necessary to improve these
techniques to obtain sufficient material for experiments on
acetylated chromatin.
Keratin
Studies on keratin filament structure were continued with
the biochemical characterization and fractionation of calf
hoof keratin polypeptides. Comparison of x-ray and electron
microscopic observations of in vitro reconstituted filaments
with those obtained from native tissue indicate differences
in polypeptide organization in the two types of filaments.
The results are described in detail in a forthcoming publication.

Visiting groups
Major user projects included those on collagen (T.
Nemetschek et al., University of Heidelberg; A. Bigi &
N. Roveri, University of Bologna, G. Suarez, New York),
lipids (U. Seidel & K. Brandenburg, Forschungsinstitut
Borstel), microtubules (E. Mandelkow et al., Max-PlanckArbeitsgruppen fOr strukturelle Molekularbiologie, Hamburg). Test experiments for a limited number of new projects
were also made (C. Jaquet & A. Wegner, Ruhr Universitt:lt Bochum; A. Mikhailov, USSR Academy of Sciences,
Moscow). Short reports of some of these groups follow.

Microtubule dynamics and oscillations
(G. Lange, A. Jagla, H. Obermann, A. Marx,
B. Lichtenberg, E.-M. Mandelkow & E. Mandelkow
(Max-Planck-Arbeitsgruppen fOr strukturelle
Molekularbiologie, Hamburg))
The motile behaviour of living cells depends on the structure
and assembly of its internal scaffold, termed the cytoskeleton. It consists of a variety of fibre-forming proteins, including microtubules. The assembly of microtubules from their
subunit proteins can be studied in vitro, using a combination of time-resolved x-ray scattering, electron microscopy,
video-enhanced light microscopy, and biochemistry.
The standard case of biopolymer self-assembly is that the
kinetics takes the form of a nucleation reaction followed by
growth where subunits add onto the ends of the polymer
until a steady state is attained. By contrast, microtubules are
unique in that they do not reach a simple equilibrium but
rather show spontaneous transitions between growth and
shrinkage. If one synchronizes the microtubules in a solution
one observes autonomous oscillations with periodicities in
the 1-3 min range. The oscillations can be explained by
a cyclic reaction scheme, Plate 61, involving tubulin subunits, microtubules, and tubulin oligomers (Mandelkow et al.,
1988). Microtubules are formed from subunits complexed
with GTP (guanosine triphosphate, the energy donor for
assembly). GTP is hydrolyzed to GDP upon assembly, rendering microtubules unstable. Disassembling microtubules
yield oligomers as the primary breakdown products; they
in turn dissolve into subunits which can be reactivated for
assembly by rebinding GTP from the solution.

TuGDP

Assembly of regulatory proteins from
striated muscle (C. Jaquet, A. Wegner
(Ruhr Universitat Bochum) & M.H.J. Koch)
Solution scattering from actin filaments, tropomyosin-actin
complex and troponin C was measured. The aim of these
experiments was to find out whether it is possible to follow
the kinetics of self assembly of troponin C or assembly of
tropomyosin with actin filaments. A 10% increase in the
radius of gyration of the cross-section of the tropomyosinactin complex compared to F-actin was found. It should be
possible to follow the assembly kinetics using stopped-flow
methods. The experiments on Mg-specific self assembly
of troponin C yielded a radius of gyration of 2.26 nm for
the protein that increases to 26 nm as a result of disulphide bridge formation and masks the Mg-specific assembly.

.............

MtGDP

PLATE 61
Reaction mechanism of microtubule oscillations. Tu=tubulin subunits, Mt=microtubules, Ol=oligomers.
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Microtubule oscillations resemble other chemical or biochemical oscillations in several respects, but they are novel
in that the cycles are coupled to the periodic creation and
destruction of a biopolymer. Our present studies are aimed
at understanding the details of the mechanism. We have
addressed the following:
-

-

-

The oscillations have been computer modelled on the
basis of either chemical reaction equations or Monte
Carlo calculations.
The synchrony of growth and shrinkage can be influenced by several biophysical parameters. Examples are
the initiation of assembly (by temperature jump or by
flash photolysis of caged GTP), the microtubule number concentration resulting from self-nucleation or from
adding extraneous microtubule seeds.
The various reaction rates depend on a variety of
biochemical parameters. They can be influenced, for
example, using the antagonistic effects of "stabilizing" and "destabilizing" agents (e.g. various salts, organic solvents, drugs, etc.); depending on their interaction with the subunit protein one obtains either
stable microtubules, oligomers, or oscillations between
these states (Lange et al., 1988). The interactions with
microtubule-associated proteins are of particular importance since they represent physiological microtubule
stabilizers whose efficiency can be modulated by posttranslational modifications such as phosphorylation. For
example, structural studies on tau protein (Lichtenberg
et al., 1988) have suggested that it is a highly elongated
and elastic molecule. The relationship between these
properties and the influence of tau protein on microtubule
dynamics are under investigation.
The proposed reaction mechanism, Plate 61, is capable
of explaining some basic aspects of the oscillations, but it
is only a first approximation. One of the most interesting
aspects is that oscillating microtubules can generate
spatial patterns in vitro from an initially homogeneous
solution. This feature is presently being studied since it
may provide a model for spatial pattern generation in
living cells.

Dermatosparactic skin (E. Mosler, W. Folkhard,
E. Knorzer, W. Geercken & T. Nemetschek
(Pathologisches Institut der Universitat Heidelberg),
Ch.M. Lapiere (Department of Dermatology, University
of Liege), O. Helle (College of Veterinary Medicine,
Oslo) & M.H.J. Koch (EMBL))
Dermatosparaxis is observed in calves and lambs and is due
to a deficiency of the N-procollagen-peptidase resulting in
a disturbance during the cleaving of N-terminal propeptides
(pN) from collagen (Lenaers et al., 1988). Since the intensity
ratio of the first and third order (11113) in the small-angle
x-ray diffraction spectra of dermatosparactic and normal
calf and lamb skin is identical the N-terminal procollagen
peptide cannot be in the gap region and is oriented randomly. In contrast to skin, dermatosparactic tail tendons
have a lower 11/13 ratio than normal tendons indicating that
the pN-peptide partially fills the gap region (Mosler et al.,
1988).
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Exchange of water by 2-propanol apparently induces a
partial reorientation of the pN-peptide into the gap region in
dermatosparactic skin. This process is reversible whereas
cross-linking with diisocyanate in 2-propanol (Mosler et al.,
1987) fixes the modified structure. It can be concluded
from these experiments that the considerable disturbances
in dermatosparactic skin are caused by random orientation of the pN-peptides preventing normal fibril organisation.
Studies of collagenous tissues (A. Bigi & N. Roveri
(University of Bologna) & M.H.J. Koch (EMBL))
The results of previous investigations on turkey tendon at
different degrees of calcification revealed that the structural
relationship between inorganic deposits and the collagen
matrix is very similar to that observed in bone (Bigi et aI.,
1988). Since it was not possible to isolate homogeneous
samples at degrees of calcification below 20%, demineralized turkey tendon samples were studied to obtain information on the first steps of the calcification process.
Furthermore, the structural relationship between apatite deposits and collagen fibrils in pathologically calcified human ligaments was investigated. In this tissue the collagen
fibrils have a different morphology from that in tendon.
Finally small-angle diffraction patterns of phosphotungstic
acid stained collagen fibres at low pH were recorded. Interpretation of these patterns indicating a doubling of the
collagen axial spacing, even after air drying, allowed the
model for the molecular packing of collagen at low pH to be
refined.
X-ray diffraction on liquid-crystalline phase
transitions (P. Laggner & M. Kriechbaum
(Austrian Academy of Science, Graz), G. Rapp
(MPI Heidelberg) & J. Hendrix (EMBL))
Small-angle x-ray powder diffraction was used to investigate the structural changes during phospholipid membrane
phase transitions triggered by a single pulse from an erbium IR-Iaser (2 joules/2 ms) leading to a 10°C-jump. The
time-evolution of the powder patterns was resolved into
1 ms-periods. Several novel facts concerning the mechanism and kinetics of these processes were established. A
hitherto unknown intermediate 1C"!tice was detected in the
"pretransition" (L,8'-P ,8') of dipalmitoyl-Iecithin (DPPC). This
lamellar 58 A-lattice coexists for about 100 ms after the
T-jump with the original L,8'-lattice (66 A), and subsequently
the two structures merge to build up the 74A-average
repeat of the known monoclinic sawtooth-type structure.
The L,8-La transition of phosphatidyl-ethanolamines was
found to proceed within the experimental time constant
of the T-jump (2 ms) suggesting a strongly correlated
transition mechanism of the diffusion less martensitic type.
In contrast, the lamellar-hexagonal phase transition is
considerably slower (half time: several seconds). There,
the results show a fast initial approach of adjacent bilayers followed by the slow fusion into tubular structures.

Small-angle scattering: muscle
K. GOth, A. Miegel & A. Stewart)

(Y. Maeda, C. Bachler,

Beam-line X13 has been refurbished and will be brought
into operation in 1989 (J. Hendrix, E. Gilberg, M. Bleimling,
Y. Maeda and the workshops Heidelberg and Hamburg).
X13 is similar to beam-line X11 for protein crystallography.
Thus it is situated in the EMBL bunker and takes radiation generated from the positrons. Like X11 the focusing,
demagnifying optics are made up of a bendable single
crystal monochromator of Ge (111) followed by a mirror of
six fused quartz segments, each straight and 20 cm long.
The segments are mounted on a common aluminium bench
which is smoothly bent.
Construction of a drum scanner for an imaging plate xray detector is in progress (K. GOth & Y. Maeda). Unlike
the other scanner for crystallographic applications, exposed
plates will be digitized with this scanner remote from the
beam-line, giving a general purpose device. The interface
part has been constructed in collaboration with the MaxPlanck-Institute in Heidelberg.

In-house projects

PLATE 62
The relation between the intensity of the second actin layer-line and
the free Ca2+ concentration. After subtraction of the background,
the layer-line intensity is integrated and plotted as the ratio to that of
the 59 actin layer-line. Each data point represents an independent
experiment, while different symbols correspond to two independent
preparations.
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Although the Ca2+ binding properties of isolated troponin
(Tn) or troponin-C are well documented, possible conformational changes of the thin (actin) filament induced by the
Ca2+ binding to Tn remain obscure. This project aims to
study the effect of Ca2+ concentration on the structure of
the thin filament. As a myosin-free system, reconstituted
thin filaments orientated within glass capillaries (Popp et al.,
1987) were used. The results are shown in Plate 62 and the
following conclusions can be made.
(1)
(2)

(3)

(4)

Rise of Ca2+ concentration alone induces the intensity
increase of the second actin layer-line in the x-ray
diffraction pattern.
This transition is centred at pCa=6.8, where the muscle
is physiologically regulated, and the transition is so cooperative that 90% of the total change is accomplished
within 0.2 pCa unit.
Comparing this result with those from activated frog
muscle, the Ca2+ -induced change accounts for 3040% of the total change associated with the activation
of the muscle, that is, the change induced by both high
Ca2+ concentration and myosin binding to actin.
Associated with this change there is no substantial
mass movement in the radial direction in the crosssection of the thin filament, as judged from the smallangle x-ray diffraction pattern from the thin filaments in
solution.

This is the first solid evidence for a Ca2+ -induced structural
change of the thin filament. This
is not inconsistent
with the general concept of the steric blocking hypothesis
for the mechanism of calcium regulation. However, this
disagrees with the suggestion that the early rise in Ca2+
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concentration alone accounts for all the intensity increase of
the second actin layer-line on activation of the frog muscle.
Nor does this support the allosteric model for the transition
between the functional states of the thin filament. This result
is instead consistent with the induced-fit model: the Ca2+
binding to Tn alters the state of the thin filament, followed
by further changes on interaction with myosin.
The structure of muscle in the intermediate level
of activation (A. Stewart & Y. Maeda (EMBL),
C.C. Ashley (Oxford) & J.D. Potter (Miami))

The project aims at getting detailed structural information of
the effect of Ca2+ concentration on actomyosin interaction.
To this end, for recording detailed patterns, intact whole
muscles are more suitable than demembranated muscle
fibres which must be thin to avoid diffusion problems. To
vary the internal Ca2+ concentrations, that is, the extent of
activation of an intact whole muscle in a controlled manner,
the technique of rapid cooling contracture (RCC) would be
suitable.
This year, using an improved system for the rapid cooling
(R. Klaring), the following results were obtained.
(1)

(2)

The full patterns were recorded on imaging plates
during single RCC's which last for 20 to 30 sec. The
arking of the layer-lines is identical to that from the fully
activated muscle, suggesting that the whole muscles
are activated homogeneously.
The extent of the intensity changes of the equatorial
reflections are almost linearly dependent on the relative
tension (the extent of activation), which confirms the
previous results.

177

(3)
(4)

The linear relation is also obtained for the intensity of
the second actin layer-line.
The intensity of the first myosin layer-line, however,
showed a non-linear relation to the relative force. The
different behaviour of the reflections are consistent with
homogeneous activation of the whole muscle.

(2) and (3) are accounted for if each thin filament is activated as a unit, while (4) can be explained if the helical
arrangement of the myosin heads on the surface of the thick
filaments being disordered almost completely when only one
thin filament is activated out of the six which surround the
thick filament.
.

Isolation and characterization of the regulatory
proteins from lobster muscle (A. Miegel, C. Bachler
&. Y. Maeda (EMBL) & J. Coinns (Maryland))
40bster troponin (Tn) subunits and tropomyosin were further
purified. The Tn-I preparation consists of 5 isomers with the
molar ratio of 26, 2, 10, 62, 1. These are almost identical in
isoelectric point while different in MW. The Tn-T spot on twodimensional gels appears to be single. The Tn-C preparation
lias been further fractionated into three components, C1, C2
with themol;:u ralio ofC1/(C2
+ C3)=30110. On PAGE gels, the fractions show 2, 1 and
2 spots, respectively: Trials ha\ie been started to crystallize
lobster Tn-C2. Amino-acid sequencing of Tn-C2 is also in
Tnsubunrits
remain.to,be.established;l'·
":; ,

The Tn·cDANl. tllJoresbence,intMsity'transient
(1(:,'Glith
after flash photolysis of

(.EMBt}l

DANZ labelled Tn-C was incorporated into rabbit psoas
skinned fiores.The Trr_CDA(IIZ fluorescence reports the state
of the regulatoryproteinon'1i:te thih (actin) filament. The time
course of the fluorescence was followed during the transition
of muscle from the rigor to the relaxed state induced by a
qUfcki:increaseof ·the, ATP' concentration by the photolysis
of:
1he u.v.flash ••the.fluorescenceintensity
decayed in ·asrngle;9xponerltial manner. The time constant
was identical tothatoHhe slow9'Ycomponent
tl:te"f6rCeurelaocatibn. The addition of 10
to thli,'$oll:Jtlonl which,Fooghly:doobled·the'speed of.· force
rela!(Qtlotrf"iat$/j.
the,fIUlb!reseerrce':d&'Cayby the
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Visitors' projects

Laser temperature-jump experiments on muscle fibres
(G. Rapp, K.J.V. Poole, J.S. Wray & R.S.;Goody
(MPI for Medical Research, Heidelberg) &
Y. Maeda (EMBL))
The arrangement of myosin heads goes from a disordered
to an ordered state on rise of temperature. To investigate
the mechanism, the transition kinetics were studied using an
erbium laser as a rapid temperature jump device, together
with synchrotron radiation to monitor the structure of muscle.
With the .laser system, temperature, jumps of up to 12°C
can be achieved within 2.5 msec across fibre bundles 0.5
mmindiameter. In rabbit psoas muscle fibres in the relaxed state, the structural transition occurs with an apparent
rate:constant of about 100 s·l. This. is in agreement with
the suggestion that ATP cleavage on the myosin heads is
associated with the structural transition. Preliminary results
indicated a biphasic lattice change in the Ca2 + -activated
psoas fibres. The faster phase takes place within 20 msec
and is associated with the intensity change.of the equatorial
reflections, while the slower is associated with the tension
development. We.tentatively interpret the first phase.in terms
of themovelnent(!()f the myosin heads ,towards ·the actin
filaments forming a weak binding state,which is fOllowed
by thesecbl1d,pnase
trarrsitron,fo the
strong:birrdmg'stste;
If

Time-resolved x;ray diffraction from skinned singJe
fibres of'vertebrate muscle (B. Brenner (Ulm),
Maeda (EMBE) & R:M;Simmoris (London))

f

Dynamic tension and' x-raydiffractiomm9asurements
on activation of rabbit muscle by photolytic release
oftia/dum ions (KiJN" Poole, G.Rappl&
R.S. Goody,
Hesearbhj Heidelbergj,
JiH: 'Kliplan ;(Philadelphia) .& Y. Maeda (EMIU})
;J,

r:

,-

We are interested in measuring thestruetural'changes associated'fwith l1'lyosirr.eross.bridge bindinguanddorce production
.. One approac::h' is to 'measure
the tim:$' CQurs$s'Aof, the changes invariotils parts of the
fibre diffraction pattern and compare them.·with,that of ten-
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sian production following a rapid activation of an isometric
muscle. Rather than use a whole, intact muscle, we have
used a tiny bundle of skinned fibres in order to minimize
artefacts due to internal shortening and orientation changes.
In such a system one must add calcium ions directly to the
fibres to initiate contraction, and to do this rapidly we use
a photosensitive calcium chelator, DM-Nitrophen. Bundles
of 10-20 fibres, held in humid air, were fully activated by a
flash of u.v. light and the consequent changes in the inner
equatorial and meridional reflections as well as tension were
measured at X33. At 25°C the intensities of the equatorial
reflections changed ahead of tension with a half-time ca. 10
msee; tension rose.toa plateau with a half-time of ca. 20
msec, and the meridional 143 A reflection rose very rapidly
but after a delay of ca. 10 msec, thus starting after the
onset of tension production but reaching, its maximum before
tension. We interpret this to mean ,that cross-bridges bind
generating
to the thin filaments in muscle tn a
state which then undergoes a conformational change .. as
assdciation
evidenced by the later meridional
with force production.

:v..

Previously we have' recorded differences in the first two
equatorial reflections between isometric and isotonic steady
state contraction. To rule out the possibility that the oDserved
changes are due to effects other than difference in the numbali oHoree-generating cross,bridges, a.varietyof' control
experiments were performed. These includeeffectsdrom
fi·lamenfipverlap.:inte'rfilament,distance, the order:pf,tfie'flia.
mEtnt '!attioe"jpassi'felsliding of the filaments, anaralignment
oftfteniilam'ent\s;Oetcliiled analysis of these 'control,experi-

ments suggest that the observed differences in the equatorial reflections between isometric and isotonic contraction
indeed reflect changes in the number of force-generating
cross-bridges. So far, our analysis was based on the relative
magnitude of the two main equatorial reflections (111/110).
We have started to analyse individual intensities of these
two reflections to obtain information about contributions
from weakly attached cross-bridges to the diffraction pattern under the three different conditions (relaxed, isometric
and isotonic contraction). This may allow the determination
of the extent of attachment of weak-binding cross-bridges
both while the contractile system is tully:. relaxed,
,activated.
.'
Structure of various force-generating cross-bridge
states determined by equatorial x-ray diffraction
patterns (B. Brenner & Th. Kraft (Ulm))
According to current ideas about the molecular mechanism
of muscle contraction, several force,.generating states of
the attached actomyosin cross-bridge have to. be postulated that are distinguished by their structure. To test this
hypothesis, we record equatorial diffraction patterns under
different conditions using skinned .rabbit psoas fibres. This
preparation in which the fibre membrane has·beenremoved
allows; the direct cOntrol olthe chemical environment oUhe
contractile proieins. Changing conditions (e:g,temperature,
nucleotide and product concentrations) while fibres arefu.ly
Ca2+-activated, the distribution of cross-bridges between
the different force-generating states is' varied; Comparison of the recorded diffraction patterns allows. the .recognition of possible differences in the structure of the various attached force-generating cross-bridge states. So far,
we have tested the feasibility of this approach. We found
that precise control of overlap between actin and myosin
filaments (Le. sarcomere length) is necessary for these
measurements, otherwise, the observed changes in equatorial reflections are difficult to interpret. As a consequence,
we have set up a system for continuous serve-control of
sarcomer,e length during x-ray diffraction studies so that
the necessary re'q.l!l:irements for reliable measursfnents are
available.
Studies of molecular structure of demembranated
single muscle. fibres during contraction (L. Yu
(NIH),B. Brenner &i!ffh. Kraft (Ulm))
An important postulate 6t the cross-bridge theory of muscle
contraction is that there are. several attached cross-bridge
in the cyclic interactions between myosin arid actin.
Currently, we are studying low-angle equatorial x-ray diffraction 'patterns obtained: from .skinned single muscle fibres
under relaxed, fully activated and rigor conditions. The experimental conditions are chosen such that large fractions
of· cross-bridges are ,attached in all of these . states. By
comparing diffraction patterns of cross-bridges. attached in
states before, during, and after force generation, structural
changes ir,volved in the G:6ntraction mechanism might be determined.At X33 weobtiained equatorial diffraction patterns
from single fibres under the three states mentioned abov.e at
120 Aresolution, .against:'265 A using a laboratory source.
inthe.prominert
The data,2shdwed

first reflection 10 while no change was observed in the
second, 11, as the muscle was fully activated from the
relaxed state. Changes in the three higher order reflections
beyond 11 ranged between 10 and 30%. The data suggest
that once the cross-bridges are attached in the pre-force
generation states, in transition to the force generating state,
there is probably mass movement in the radial direction
away from the thick filament backbone. However, further
theoretical modelling is necessary to interpret the results
fully.
Simultaneous measurement of stiffness'.and x-ray
reflection intensity in single fibres from frog
(G. Cecchi & MA Bagni (Florence), P.J. Griffiths
& C.C.Ashley (Oxford) & Y. Maeda (EMBt::))
Equatorial reflection intensity changes lead force in
tetanized whole .frog sartorius muscle. Stiffness increases
before, tension in single fibre preparations. It is of interest
to compare the time course of x-ray intensity changes and
stiffness because they may not be caused by the same
intermediate of the cross-bridge cycle. We have simultaneously measured stiffness, tension and equatorial reflection
intensity in single intact fibres from tibialis anterior ·ot Rana
temporaria. We find that there may be a difference in the
time course of intensity changes between the equatorial
reflections, 110 decline preceding 111 inc.rease. Stiffness
increases;with a time course more similar to the 111 change
duringJhe tetanus rise," During relaxation 110. 111 and stiffness occur ,y.tith'similar .time ,courses. and .mole .slowly. than
,

Protein crystalJography (K. Wilson, C. Betzel,
Z. Dauter, K. Petratos, M. Dauter, S. Klupsch,
M. fngelman, N. Pipon & H. Terry)
In-house' pr.ojects
The major advance in instrumentation for protein crystallography was the testing and first use of the image plate
scanner described above. We have also taken the first
protein Laue pictures in Hamburg, using
X3.1 with
the white beam reflected from the toroidal mirror. This work
will be continued in the future: we plan to install the Daresbury Laboratory software for evaluating the Laue patterns.
Other. improvements' in the facilities to be. carried out in
1989 include the further optimization of X31 for rundmalous
scattering' .measurements.
Proteases
These. studies \originated with the refinement byChristiaQ
Betzel of the stroctLire. of proteinase K at 1.5 A. Structure
analyses of.other subtilisin-like proteases have beenactjyely
pursued during 1988. We are determining the structures. of
several different naturally occurring members of the family.
Our interest is ingainitlg detailed information about the 'evolutionary and functional relationships amongst the' proteins,
with particular
on their specificity, thermostability,
binping. The latter.isjnvolved in
the
This study,to SPJmr$;textent

complements the extensive investigation of site-directed
mutants of the "conventional" subtilisins being carried on in
various laboratories. We instead are looking at the result of
natural selection, and how the ancestral subtilisin molecule
has adapted to its role in a number of different organisms.
We have determined the structures of four different enzymes, either native or in complexes with inhibitors. For
these studies we have collected and evaluated more than
10 data sets, using synchrotron radiation, on conventional
x-ray film as well as recently on our image plate detector.
For all four proteins we have data to high resolution, 2 A or
better.
The mesophilic subtilisin, mesentericopeptidase, from Bacillus mesentericus is being studied with Prof. Genov of the
Bulgarian Academy of Science who kindly provided the pure
enzyme. The native protein proved resistant to crystallization, but we successfully obtained crystals of the protein
complexed with the leech inhibitor eglin. The structure has
been refined at 1.9 A. It is closely similar in overall fold
to the other Bacillus subtilisins for which the structure is
known. We are comparing the structures in the light of
the known differences in thermostability and the calcium
binding.
We also crystallized thermitase from Thermoactinomyces
vulgaris with eglin and are refining the structure at 1.8 A
resolution. The refinement has been part of a collaboration with the University of Groningen where crystals of the
complex were also grown. We are refining the structure
by conventional restrained least-squares minimization while
they are using a combination of x-ray refinement with molecular dynamics. The comparison of the results of the two
refinements should be of interest. The thermitase project
is a collaboration with Wolfgang H6hne from the Humboldt
University who purified the material. The native structure has
been solved by Alexei Teplyakov and colleagues from the
Institute of Crystallography in Moscow. He has been visiting
us for the last three months to refine the native structure
and collect high resolution data. The refinement for data
between 5.0 A and 1.7 A resolution is complete and gives
an R factor of 17%. Preliminary data have been recorded to
1.35A.
With the NOVO Research Institute (Copenhagen) we have
analysed the structures of two subtilisin proteases from the
alkalophilic species Bacillus lentus. The native structures
are solved and have already been refined at 2.0 A resolution. We have collected high resolution, 1.3 A and 1.7 A,
data for the native structures. We will proceed with the
refinement and analysis of these structures during the next
year. Additionally we have solved and refined a mutant
structure of one of the enzymes at 2.4 A resolution. This
programme will be continued with other mutants and a
hybrid structure.
To date we have compared the active site geometry and
calcium binding sites of all these structures. This will be
extended to the rest of the molecule to give a better insight
into the stability and specificity. Further work on complexes
with natural inhibitors is planned in cooperation with the
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University of Edmonton, Canada and with the University of
Caracas, Venezuela.
A new field we entered during 1988 is the binding of
peptide antibiotics to proteases with the aim of analysing
the structures of the peptides, which have often proved
difficult to crystallize. We have crystallized one enzyme
in complex with bacitracin, and have solved and refined
the structure at 2.1 A resolution. Besides its function as
an antibiotic bacitracin is a known inhibitor of subtilisins,
and is indeed used in some purification protocols. The
structure reveals a novel subtilisin inhibitor complex (see
Plate on back cover of Annual Report 1988). Studies of
a number of other antibiotics are still in the crystallization
stage.
Glucose isomerase

We are determining the structure of the glucose isomerase
from Streptomyces albus. A number of groups in different laboratories have reported structures from glucose isomerases, from both Streptomyces species and other bacteria. This reflects in part the considerable commercial interest in the enzyme for use in the food industry in converting glucose to fructose as a sweetener. The enzyme's
real substrate is xylose and it processes glucose relatively
slowly, making it a good potential candidate for mechanistic
studies.
Our interest in the system arose from the EXAFS study
currently being carried out in the Outstation in collaboration
with the University of MOnster, see above. The University
also supplied us with both enzyme and large crystals, which
give excellent diffraction to at least 1.6 A. We have recorded
data to 1.9 A for the native enzyme. We did not attempt
to solve the phase problem by isomorphous replacement
as structures had been solved for homologous glucose
isomerases.
David Blow of Imperial College (London) kindly provided us
with the Ca coordinates for the Arthrobacter enzyme. From
these we reconstructed a Poly-ala backbone for the whole
tetramer. There is no translation problem for positioning the
molecule in the cell as the 222 tetramer sits on the 222
symmetry site at the cell origin. The model was used in
rotation function searches to orient the tetramer correctly
in the cell: the search is limited to choosing the correct
one of six possible orientations of the tetramer about the
222 position. The solution was clear. The resulting model
was subjected to constrained refinement, but the Fourier
syntheses after refinement were not of sufficient quality
to build-in the side chains correctly in a straightforward
manner.
Subsequently Greg Petsko and Greg Farber from MIT supplied us with the coordinates of the backbone of glucose
isomerase from the closely related Streptomyces olivochromogenes. This crystallizes in a different space group with
the dimer as the asymmetric unit. The model was positioned
in the cell as above, and proved to be more useful for
our purposes. After several cycles of refinement, Fourier
syntheses, especially "omit" maps from which 15 residues

PLATE 63
The difference (a) and anomalous difference (b) Patterson syntheses at 5 Aresolution of the lead derivative of glucose isomerase.
Only the sections containing the Harker vectors are shown. The

contour level in both syntheses is from 2 units (roughly the r.m.s.
level of the syntheses) in steps of 2. with the origin peak being
scaled to a height of 99.
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a phase set unbiased by the above models. The phase set
thus obtained has been improved and extended by solvent
flattening and is being used in the refinement of the current
model.

are omitted from the structure factor calculation, are good
enough to interpret and build most of the side chains.
Interpretation of the side chain positions in these maps is
in progress.
Glucose isomerase has two metal binding sites per
monomer, which lie close to the active site. We have
performed initial studies of metal binding in the crystals.
Diffraction data have been collected on beam-line X31 for
the following crystals:

-

2:1 ratio of Pb+ 2 per monomer, crystals grown
metal;
2:1 ratio of Eu+3 per monomer, crystals grown
metal;
1:1 ratio of Eu+3 per monomer, crystals grown
metal;
2:1 ratio of Sm+ 3 per monomer, crystals grown
metal;
excess of Sm+3 - crystal soaked in EDTA and
SmCI3;
a crystal made metal-free by soaking in EDTA;
a metal-free crystal, crystallized in the absence of
als.

Other projects
In addition to the work on glucose isomerase our studies of metalloproteins have continued to concentrate on
copper proteins. The structure of pseudoazurin from AIcaligines faecalis refined at 1.S A has been published.
A novel blue copper protein has been isolated from Alcaligenes faecalis strain S-6, the same strain used for
the purification of pseudoazurin. The novel protein has
MW=6S,OOO as judged from SDS gel electrophoresis. We
have tentatively named it "acidic-blue protein" because
of its behaviour in ion exchange chromatography. The
protein has been crystallized giving thin needles which
diffract to about 2.S A resolution. The crystals are orthorhombic with cell dimensions a=1 OS A. b=88.S A and
c=48A.

with
with
with
with
then
met-

The complete diffraction data sets of the pseudoazurin
crystals collected on film at 1.360 A, 1.283 A and 1.008 A
resolution have been evaluated. These will serve as a test
of the multiple wavelength anomalous diffraction method
for phasing Bragg reflections. The copper ion has a Kabsorption edge at 1.380 A. The data at 1.360 A gave an
anomalous difference Patterson synthesis where the signal
at the positions of the Cu-Cu vectors was 8 x the standard
deviation of the map (Plate 64).

Several of the data sets were collected on the image plate.
The data after scaling to the native protein reveal binding at
1 or 2 sites for each of the metals. The positions show up
clearly in the difference Patterson syntheses. S A Patterson
syntheses for the lead crystal are shown in Plate 63: the lead
data were recorded on the image plate. The parameters of
the metal sites were refined and have been used to calculate
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PLATE 64
The z=1/3 Harker section of the anomalous difference Patterson for
the pseudoazurin native protein with data measured at a wavelength
of 1.360 at 2.5 Aresolution. The map has been contoured starting
from the r.m.s. level, in steps of 1 r.m.s. deviation. The peaks are
8 times the r.m.s. level and correspond to the Cu-Cu vectors.
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External collaborations include:
-

5S RNA and intact EF-Tu, V. Erdmann (Berlin);
Photosystem 1, H.T. Witt & W. Saenger (Berlin)
Dehydrogenases from a number of (mainly thermophilic)
bacteria, J.J. Stezowski (Stuttgart);
d-UTPase, E. Cedergren (Stockholm) & P.O. Nyman
(Lund);
Lectin complexes, L. Delbaere & W. Quail (Saskatoon);
Trichosanthin, K. Zhou (Fuzhou);
Amicyanin and cytochrome-c, G. Canters (Leiden);
Zn substituted LADH, E. Cedergren (Stockholm) & M.
Zeppezauer (SaarbrOcken);
Viruses, W. Rohde (Cologne);
Repressor of primer protein, M. Kokkinidis (Heraklion).

Visitor's projects
These included:
-

Ascorbate oxidase, R. Ladenstein (Martinsried);
Glucose dehydrogenase, fatty acid binding protein, tetrepressor, W. Saenger (Berlin);
Retinol binding protein complexes, G. Zanotti (Padova);
FAST data collection on enzyme-substrate complexes,
H.-D. Bartunik (Hamburg);
Penicillin acylase, P. Moody (York);
Cyclodecakisbenzene, K. Krieger (Heidelberg);
Photosynthetic membrane proteins, H. Michel (Frankfurt);
Carnation mottle virus, A. Mikhailov (Hamburg,
Moscow);
Rubisco, J. Newman (Uppsala);
Diffraction tests on various crystals, J. Drenth (Groningen);
Salmon trypsin, A. Hordvik (Tromso);
Histocompatibility antigen, D. Wiley (Harvard);
Protease-eglin complexes, M. Gratter (Basel);
IGPS synthase domain, M. Willmans (Basel);
Porin, R. Pauptit (Basel);
Virus crystals, M.G. Rossmann (Purdue);
Beanpod mottle and other viruses, J. Johnson (Purdue);
Adenylate kinase, glutathione reductase, cyclodextrin
glycosyl transferase, G. Schulz (Freiburg);
Nucleosome core crystals, T. Richmond (ZOrich);
P1 nuclease, D. Suck (Heidelberg).

There now follow more detailed reports on four representative visitors projects.
Structure of lipoamide dehydrogenase
(A.J. Schierbeek, M.BA Swarte, B.W. Dijkstra,
G. Vriend, R.J. Read, W.G.J. Hoi & J. Drenth
(Laboratory of Chemical Physics, University
of Groningen, The Netherlands))

The crystal structure of lipoamide dehydrogenase from
Azotobacter vinelandii has been determined by molecular
replacement combined with isomorphous replacement finally leading to a good quality 2.8 A electron density map.
Attempts to solve the structure by molecular replacement

alone using a model of human glutathione reductase, which
has 26% sequence identity with this bacterial dehydrogenase, were not successful. The rotation function yielded
the correct orientation of the model structure using either
the glutathione reductase dimer or the monomer as starting
model. However the translation function could not be solved.
Therefore, data were collected for two heavy atom derivatives using the Hamburg synchrotron facilities. The data
collection and evaluation were summarized in last year's
report. The derivatives had several sites in common which
was presumably a major reason why the electron density map obtained by isomorphous replacement information
alone was of poor quality. Application of solvent flattening
procedures cleaned up the map considerably, however,
showing clearly the outline of the lipoamide dehydrogenase
dimer which has a molecular weight of 100,000.
Application of the "phased translation function", which combined the phase information of both isomorphous and
molecular replacement, lead to an unambiguous determination of the position of the model structure in the lipoamide
dehydrogenase unit cell. The non-crystallographic two-fold
axis of the dimer was optimized by several cycles of
constrained-restrained least-squares refinement and subsequently used for phase improvement by two-fold density averaging. The final 2.8 Aelectron density distribution allowed
the construction of an atomic model of the enzyme. A region
of the electron density maps is shown in Plate 65.
It appears that in the orthorhombic crystals used each
dimer is involved in contacts with eight surrounding dimers
leaving unexplained why the crystals are rather fragile.
Contacts between subunits within one dimer, which are quite
extensive, can be divided into two regions separated by a
cavity. In one of the contact regions the sequence homology
with glutathione reductase is very low, in the other quite
high.
The folding of the polypeptide chain in each subunit is quite
similar to that of glutathione reductase, as is the extended
conformation of the co-enzyme FAD. The solved structure
forms a starting point for investigating details of the catalytic
mechanism as well as studying the interactions of this
enzyme with its partners in the pyruvate dehydrogenase
mUlti-enzyme complex.
A manuscript on the 2.8 A structure has been submitted
for publication. 2.2 A data on the native protein were also
collected at Hamburg. Refinement of the structure against
these data will give a more accurate picture of the protein
allowing a detailed comparison of the structure of LipDH with
glutathione reductase.
Crystal/ographic analyses of isometric RNA
viruses (J.E. Johnson (Department of Biological
Sciences, Purdue University, West Lafayette))

Single crystal data were collected on the EMBL beamline X11 at DESY in September, 1988 using crystals of
two different isometric components of bean pod mottle virus
(BPMV). The genome of this virus is divided and the two
183

PLATE 65
Electron density around the isoalloxazine ring of the FAD coenzyme
with (a) MIR phases to 2.8
(b) MIR phases to 2.8 Acombined with
model phases to 3.5
(c) phases after averaging to 2.8 A From
B. Schierbeek, Ph.D. Thesis, Groningen, 1988.
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RNA molecules (RNA 1, -5800 nucleotides and RNA2, 3500 nucleotides) are encapsulated in separate protein
shells. In addition, empty capsids are formed in vivo. The
exteriors of these three particles are identical and they can
be co-crystallized. The region interacting with the RNA,
however, is distinctly different in each component and these
differences have been revealed by crystallographic analyses
using data collected at EMBL, Hamburg and at CHESS,
Ithaca.

The difference electron density map between the RNA2 and
RNA1 components shows that these components are similar. The amino terminus of the large protein has not moved,
but the ordered RNA is visible in the difference electron
density suggesting that this region of the RNA is not ordered
in the RNA 1 component. There are significant differences
near the fivefold axes that have not yet been interpreted.
Independent phase refinement is currently underway for the
RNA 1 component.

The structure of the component containing RNA2 has been
determined and partially refined at 3.0 A resolution. Data
for this study were collected at CHESS in May 1987. The
structure showed that nearly 20% of the RNA was ordered
and that capsid secondary and quaternary were similar
to the picornavirus protein structures. The ordered RNA
and the detailed protein-RNA interactions observed in this
structure stimulated interest in the other two components
(empty capsid and RNA 1 nucleoprotein particle).

Our short-term goals are to complete the data sets for the
empty capsid and the RNA 1 component so that we can
have three accurate independently refined structures for
comparison at 3.0 A resolution.

Plate 66 shows a typical film collected at EMBUDESY and
Table 3 shows the statistics for film processing and scaling
using the films collected at EMBL. Using these partial data
sets difference Fouriers were computed using amplitudes
(F RNA2 - Fempty) ARNA2 and (F RNA2 - FRNA 1) ARNA2. The
difference electron density map computed with RNA 1-empty
capsid differences shows that the 23 residues at the amino
terminus of the large protein subunit of BPMV, which forms
part of the RNA binding site in the RNA2 component, have
changed position. Side chains of other residues interacting
with the nucleic acid in the RNA2 component have also
changed orientation in the empty capsid, but the reminder
of the capsid protein is unchanged. The amino terminal
residues appear to have moved partially into the hydrophilic
pocket occupied RNA in the RNA2 component. Independent
phases are now being refined for the empty capsid using the
thirtyfold non-crystallographic symmetry in the crystal. Using
these phases the molecular model will be rebuilt and refined
for detailed comparison with the RNA2 component.

Table 3
Data collected for the

BPMV empty capsid on line X11
Number of films

59

Number of observations

372,000

Number of independent reflections

228,000

R-factor (on I)

8.4%

Percentage of the 2.9 A data

34.2%

RNA 1 component
Number of films

52

Number of observations

353,000

Number of independent reflections

190,000

R-factor (pnl)

7.0%

Percentage of the 2.9 A data

28.5%

A new phase in the crystallography of ribosomes:

data collection with the EMBL image plate scanner
(A. Yonath & the ribosome group of the Max-Planck
Research Unit for Structural Molecular Biology,
Hamburg, the Max-Planck Institute for Molecular
Genetics, Berlin (West), and the Department of
Structural Chemistry, Weizmann Institute, Rehovot,
Israel)

A few years ago it was widely assumed that ribosomes,
being flexible, of complex nature, enormous size and with
no internal symmetry would not crystallize - and that if one
were to obtain crystals, they would not diffract - and that
even if they did diffract, the diffraction patterns would be
poor and the resolution low, and that the way to structure
determination would be hampered by incapability to determine the phases - and even if one were to find a way to
determine the phases, the resulting electron-density map
would not be interpretable.
Having now successfully pursued the first steps in crystallographic studies of ribosomes, and being able to obtain
diffraction data to 4.5 A resolution and indication of internal
order to 3.5 A, we are in a position to describe how some
of the problems listed above have been overcome and how
we believe the others can be solved.
Our studies started with attempts to crystallize intact and
biologically active ribosomal particles. It did not take long
before microcrystals of ribosomal particles from bacterial
sources could be grown reproducibly. Later on these crystals were improved.
Due to the large size of the unit cells of these crystals, the
small physical dimensions and their weak diffraction power,
a very intense and coherent synchrotron radiation source
is essential for data collection. Unfortunately, even when
using the most intense synchrotron x-ray beam, reflections
at resolution higher than 15-18 A decayed within the first
few minutes of exposure to the x-ray beam. In fact, for
a long time, working in the "traditional" way, namely, first
aligning the crystals in the x-ray beam, we were not aware
of the existence of the higher resolution reflections, since
they decayed immediately. Consequently, we were misled
to believe, and to publish, that this was the actual resolution
of these crystals.
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PLATE 66

A 0.3 0 oscillation photograph of beanpod mottle virus obtained at
the EMBUDESY beam-line X11. The exposure time was 7'15" with
the machine at 33 rnA. The lattice constants are a=311.2, b=284.2,

c=350.5Aand the space group is P22121, ';\=1.461, F-100 mm.
A total of 3674 whole non-overlapped reflections and 8740 partial
non-overlapped reflections were measured from this film.

In September 1986 we recorded well resolved reflections
at 6 Afrom crystals of intact large ribosomal subunits from
Halobacterium marismortui for the first time. Film data were
collected from these crystals at ambient temperature. We
had to use about 260 crystals (aligned only visually), to
construct an almost complete diffraction data set, which
turned out to contain substantial overlap, but not even a
single fully recorded reflection.

most intense synchrotron beam for very long periods, e.g. a
few days. As a result, complete sets of diffraction data could
be collected from a single crystal.

We therefore employed a procedure which was developed
years ago by H. Hope (University of California, Davis) for
collecting crystallographic data at cryogenic temperatures
from crystals of explosive materials which had to be protected from the air. Together with him and C. Kratky (University of Graz), we introduced modifications to this procedure.
This enabled us to conduct our crystallographic studies at
cryogenic temperatures, ultimately reaching "eternal life" for
the crystals in the x-ray beam. Thus, ribosomal crystals
showed hardly any decay, even when irradiated with the
186

Recently we were able to improve the quality of the crystals,
and in September 1988, using the high intensity port X11
at EMBUDESY, we detected diffraction data beyond 4.5 A.
However, due to the smearing of the reflections with the resolution increase, the reflections beyond 7 Awere somewhat
hard to resolve.
Until recently the use of synchrotron radiation implied almost
exclusively that the data were collected on conventional xray films. The development of the imaging plate (by Fuji) and
the storage phosphorous device (by Kodak) opened new
horizons and stimulated further advances in crystallographic
studies of large biological assemblies. Of particular interest
is the newly developed imaging-plate-scanner which was
constructed at the EMBL Outstation at DESY, Hamburg.

PLATE 67
A 2° rotation pattern of a crystal of the large ribosomal subunits from
Halobacterium marismortui. The pattern was obtained on the
image plate after 39 hours of irradiation at -1S0°C with synchrotron

A prototype of this scanner was used by us on port X31 at
EMBUHASYLAB/DESY. Despite the relatively low intensity
of the beam we were able to resolve clearly reflections to
the limit of the resolution, 4.5 A (Plate 67).
Based on our preliminary experiments we are convinced that
there are marked advantages in collecting crystallographic
data on imaging plates, compared to films or any other area
detectors. We hope that the combination of the imaging
plates with a very intense, well focused synchrotron beam
will lead to significantly better data and perhaps also to a
higher resolution. It remains to be seen whether the data
collected with the imaging plate at cryo-temperature are
usable.
Crystal structure of the p-hydroxybenzoate
hydroxylase substrate complex refined at
1.9 A resolution (HA Schreuder,
PAJ. Prick, R.K. Wierenga, G. Vriend, W.G.J. Hoi
& J. Drenth, Laboratory of Chemical Physics,
University of Groningen, The Netherlands)

The diffraction intensities of p-hydroxybenzoate hydroxylase
crystals complexed with the substrate p-hydroxybenzoate

x-ray beam X31. Wavelength: 1.OOS A Exposure time: 25 min.
Crystal to film distance: 500 mm. Resolution: 4.5 A

were measured to a resolution of 1.9 Ausing beam-line X11.
Details of the data collection and processing are given in
last year's report. The "American" method of data collection
was used owing to rapid radiation damage, with the orientation only being determined after data collection. The final
merging R factor for the synchrotron intensities was 12.6%,
and these were then merged with the low resolution data
collected on the rotating anode.
Restrained least-squares refinement and manual rebuilding
of the existing 2.5 Amodel of the enzyme-substrate complex
yielded an atomic model with a crystallographic R-factor
of 15.6% for 31,148 reflections between 6.0 A and 1.9 A.
In the final model, only three residues have cjJ-1/J angle
combinations deviating from the norm. One of them, the
active site residue Arg44, has well defined electron density
and may be strained to adopt this conformation for the purposes of catalysis. The refined model gives better definition
of the secondary structure and provides a detailed picture
of the active site including the extended FAD molecule
and the buried substrate p-hydroxybenzoate. The fold of
the protein with the FAD cofactor is shown in Plate 68. A
manuscript on the refined structure has been submitted for
publication.
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PLATE 68
Schematic folding of p-hydroxybenzoate hydroxylase with the position of the active site shown.

The 1.9 A analysis of the substrate complex has also allowed further refinement of the 2.3 Amodel of the enzymeproduct complex leading to a final R-factor of 16.7% for
data between 6.0 A and 2.3 A and an improved geometry.
Comparison between the substrate and product complexes
indicated differences in the region of the active site, where
the product molecule is rotated compared with the substrate.
In contrast to refinement at lower resolution, the flavin ring
was allowed to bend or twist by imposing independent planarity restraints on the benzene ring and the pyrimidine ring,
but not on the flavin as a whole. In the new models, the flavin
ring is somewhat twisted. The observed angle between the
benzene ring and the pyrimidine ring is 10ofor the enzymesubstrate complex and 19°for the enzyme-product complex.
The latter value should be treated with caution as the flavin
ring has high temperature factors in the enzyme-product
complex.
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As usual, the activity of the Outstation includes both a
service role and an in-house programme which uses the
resources of the Outstation, in particular the neutron beams
of the Institut Max von Laue-Paul Langevin (ILL). This year,
the activity with low resolution neutron crystallography has
been somewhat slowed down as the scientist in charge,
Peter Metcalf, has left the Outstation for EMBL, Heidelberg
and has not yet been replaced.
Picosecond protein dynamics (S. Cusack (EMBL)
W. Doster (Technical University, Munich))

&

In last year's annual report, inelastic neutron scattering
spectra of myoglobin as a function of temperature were
shown. These data have since been supplemented by further measurements on a different spectrometer with higher
energy resolution and the combined results have led to the
following picture of the temperature dependence of picosecond dynamics in myoglobin and the dynamic transition that
occu rs at about 180 K.
A schematic view of the observed inelastic neutron scattering spectrum of myoglobin at three different temperatures
is shown in Plate 69. At very low temperatures there is
essentially no motion and the spectrum consists only of
the sharp elastic peak. As the temperature is raised (to,
say, 100 K) the amplitude of harmonic vibrations increases
giving rise to an inelastic vibrational spectrum (from which
the vibrational density of states can be derived) and a corresponding decrease of the elastic peak. Above a transition

temperature Tc of about 180 K, the situation is as in the
third diagram. In addition to increased scattering from the
vibrations, new non-vibrational modes of motion have been
excited and give rise to a quasielastic spectrum (centred at
zero energy exchange) with a corresponding sharper decrease in the elastic peak. Plate 70 shows how the intensity
of the elastic peak measured on the backscattering instrument IN13 at the ILL (this resolves motion on a timescale
faster than 10-10 S ) conforms to this picture. These data can
be explained with a simple model for the motion in myoglobin: superimposed on the protein vibrational motion are
torsional angle fluctuations which can be described by local

Elastic
scattering

Elastic and Inelastic
scattering

Elastic, Inelastic
and quasi elastic scattering

PLATE 69
Schematic diagram of the temperature variation of the inelastic
neutron scattering spectrum of myoglobin.
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PLATE 70
Normalized elastic intensity S(q,O) for D20 hydrated myoglobin as
a function of temperature for four different values of q showing
dynamic transition at about 180 K.
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PLATE 71

Hydrogen mean-square displacements in D20 hydrated myoglobin
as a function of temperature derived by fitting an asymmetric double
potential well model (inset) to the data of Plate 70. Bullets: total
mean square displacement; open circles: contribution from jumps

between distinct sites; dashed straight line: vibrational contribution
extrapolated from low temperatures (note levelling off at below 50
K due to quantum effects).

,

0.20 r - - - - - - - - - - - - - - - -__,----,

,,

0.16

I

,......,

,

N

0« 0.12

.......

""

-

N

X

<J

0.08
0.04

0
0
192

•
,
I

.,"-

, ...
..,t':..... ---

_.-:+--.... -..... ---100

200

T/K

,/

I

I

I

"

"

,,

I

I

I

-- -

-

0- .rr

d

_- - -.6'..c}- -.rt'

.J1'

300

conformational jumps between states of different energies
(hence the strong temperature dependence). The model
enables the mean-square displacements of the hydrogen
atoms in the protein to be derived as a function of temperature (the neutron measurements in fact probe protein
dynamics via the motion of the hydrogens) as well as the
mean energy asymmetry (D.G=12kJ/mole) and mean jump
distance (R=1.5 A). Plate 71 shows the derived temperature
variation of the hydrogen mean-square displacements: at
low temperatures this is linear as expected for harmonic
vibrational motion, but above 180 K there is a rapid increase
due to the jump motion. Plate 71 is strongly reminiscent of
results found for the mean-square displacement of the heme
iron of myoglobin as measured by M6ssbauer spectroscopy
(Parak et al., 1988). The dynamic transition at about 180 K
also correlates with the ability of oxygen to pass through the
protein matrix between the heme pocket and the exterior as
monitored by flash photolysis (Austin et al., 1975).
The timescale of the motions described above is in the range
0.1-100 ps which is now easily accessible to computer
simulation of protein dynamics. It will be very interesting
to see if the phenomena observed by neutron scattering as
a function of temperature can be reproduced by molecular
dynamics simulations in which case further insight into the
exact nature of the motions will be gained. Initial results
are very promising (Smith et al., in press). An alternative
explanation of the phenomena observed may be in terms of
recent theories of the glass transition (Doster et al., 1988).

Dynamic light scattering studies of the
structure and dynamics of super helical
and linear DNA (J. Langowski)
The structure of superhelical DNA is of great relevance to
many biological phenomena in which DNA is processed
or recognized. This is because DNA in the supercoil is
under torsional and bending stress, and such forces can
induce local and global structure changes. Recognition of
promoters and restriction cleavage sites, for example, is
known to be dependent on superhelical density. Our project
is focused on understanding the solution structure of supercoiled DNA, a problem which is complicated by the fact that
DNA is flexible and therefore no unique structure can be
defined. Therefore we study average structural parameters
of supercoiled DNAs, and their internal fluctuations, using
dynamic light scattering and neutron scattering as tools.
Measurements of the translational (Dr) and rotational (0)
diffusion coefficients of various length superhelical DNAs
(Giesen, 1987) could be related to interwound and toroid
models of the superhelix through a model calculation of
these hydrodynamic parameters. The hydrodynamic model
used was based on the modified Kirkwood approximation
by De Haen et al. (1983). It models the DNA as a chain
of beads of 2.5 nm diameter. This chain was arranged
either in a toroidal or in a straight double spiral (interwound)
structure. For both the toroidal and the interwound model
geometries could be found which predicted well the measured translational diffusion data. The rotational diffusion
coefficients predicted from the toroid model were close to

the measured values, while those for the interwound model
were smaller than the measured data. Since the models employed for the simulations were rigid, not taking into account
the flexibility of DNA, the rotational diffusion values have
to be adjusted considerably; they will become larger when
flexibility is allowed. In that case, then, the toroid model will
yield rotational diffusion coefficients which are too large to be
consistent with the measured data. The interwound model,
however, can accommodate flexibility and its rotational diffusion coefficient will approach the experimental value. For
agreement with the experimental value of 0, an interwound
superhelix has to have an end-to-end distance of about 70%
compared to the rigid model. Since the proposed models are
rather large, this amount of flexibility is very probable. When
reasonable models for the structure of supercoiled DNAs in
solution have been found, it becomes interesting to understand the effect of changing superhelical density, specific
sequences, or ligand or ion binding on the structure and
internal dynamics. Relaxation and linearization of superhelical DNA leads to an increase in the internal motions, as we
could already show in various cases (Langowski et al., 1985;
Langowski et al., 1986; Langowski, 1987). We are now in the
process of characterizing this phenomenon quantitatively by
a detailed analysis of the dynamic light scattering data using
maximum entropy (MEM) data treatment (see further below
for the method). Plate 72 shows an example: the scattered
light autocorrelation function of pACL29 DNA in its linear
and superhelical form was converted into a distribution of
exponential decay times with the MEM program. The resulting distributions are clearly bimodal, with a large peak corresponding to translational diffusion of the whole molecule and
a small peak related to the internal motion. When the DNA
is linearized, the amplitude of the internal. motion clearly
increases while its characteristic diffusion coefficient stays
the same. Similarly, intercalation of chloroquine increases
the amplitude of internal motions (data not shown). The
main result is that the random motions of superhelical DNA
in solution can be separated into two parts: one is the
center-of-mass translational motion of the molecule as a
whole, the other is an "internal diffusion" of sub-segments
of the DNA approx. 2 persistence lengths=300 base pairs
long. While the amplitude of the internal motion part relative
to the translational contribution changes with varying external conditions (superhelical density, linear vs. circular, salt
concentration), the characteristic diffusion coefficient stays
the same under all conditions studied so far, its value being
Dj=15 x 10·12[m2s· 1J. This therefore seems to be a universal
quantity which characterizes DNA internal motions. It had
already been shown previously (see Annual Report 1987)
that the motions characterized by Dj are the fastest internal
motions detectable in linear or superhelical DNA. Even
probing the internal motions at very short distances (10 A)
with spin-echo neutron scattering did not give evidence for
faster motions of large amplitude.

Dynamic light scattering (DLS) data treatment
Additions were made to the software of the DLS instrument,
which allowed us to analyze the DNA light scattering data in
much more detail and to determine the hydrodynamic radii
of some proteins very precisely.
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PLATE 72

Maximum entropy analysis (relaxation times) of the DLS data from
pACL29 at K2 =5.91 X 1014 (m- 2 ). Solid line: superhelical form; grey
line: EcoRI-linearized form.
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Maximum entropy analysis
The maximum entropy method (Skilling et al., 1984) (MEM)
was used first by Livesey et al. (1986) to analyze dynamic light scattering data. The main distinction of MEM
as compared with other multiexponential analysis methods
for DLS is that among all solutions that fit the data within
the statistical error limit a unique solution is found that
has minimal information content. Therefore, any features
presented by the solution (peaks, shoulders etc.) are required by the data and fitting artifacts are largely avoided.
In collaboration with Richard Bryan (EMBL, Heidelberg),
a program was implemented based on the MEM algorithm (Skilling et al., 1984), which analyzes DLS data in
terms of a distribution of diffusion coefficients. This program
was successfully applied to the analysis of DLS data from
DNA solutions (see above), and from multicomponent solutions.

Multi-angular DLS data treatment
In collaboration with Claus Urbanke (MHH, Hannover, FRG)
a program was installed that fits the whole set of DLS curves
at different scattering vectors from one or several experiments to a unique model (e.g., one-, two-, three-component
mixture, anisotropic particle with rotational diffusion). In this
way, the contribution of dust or aggregates in a DLS sample
can be better assessed, and the resulting values for diffusion
coefficients of proteins are more exact. We now arrive at typical statistical errors of 1-2% for the diffusion coefficient of
proteins even in the presence of slight amounts of aggregate
or dust.

Light scattering - Various applications
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0.001
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neutron scattering and hydrodynamic data. The main pieces
of information used for the gyrase model are the measured
radius of gyration (67 A) and hydrodynamic radius (64 A) of
the protein, and the shape of the neutron scattering curve
at higher angles. For the ratio Rg/Rh observed here, the
gyrase structure must be either elongated or hollow. Three
models were considered:
-

a cylinder with an axial ratio of 4:1 ;
a torus with an outer radius of 84 A and inner radius of
46A;
a rather uniform planar arrangement of spheres with
"holes" between them.

All three models give the correct values for Rg/Rh. The
high-angle part of the neutron scattering curve is, however,
best fit by the third model, so that the conclusion is that E.coli
gyrase has a uniform open structure with large amounts of
trapped solvent.

Solvation of halophilic enzymes (C. Ebel, G. Zacca·i & C.
Urbanke)
In this collaboration the water and salt binding of halophilic
enzymes is studied. Dynamic light scattering and sedimentation analysis are used to gather complementary information to small-angle neutron scattering data on halophilic
GAPDH and elongation factor Tu.

Protein ilia
See report on Adenovirus

Gyrase (G. Zacca"i et al.)

Magnetic birefringence studies on
super helical DNA (U. Giesen (EMBL),
J. Torbet & E. diCapua (ILL))

In a continuation of the gyrase work already mentioned in
the previous report, a low-resolution model of the E.coli
gyrase dimer could be established from a combination of

We have performed magnetically induced birefringence
measurements on different plasmid DNAs to study and
compare their conformations - this method reflects the
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PLATE 73

Deletion and insertion mutants

Cotton-Mouton constant CM/conc normalized for concentration as a
function of the (Ethidiumbromide/basepair) ratio of superhelical puc
8 (3 mg/m/, 20°C). The induced birefringence
is measured as
a function of the applied magnetic field H-. For small orientations
«5%) the variation of
as a function of H2 gives a straight line,
the slope of which yields the Cotton-Mouton constant CM of the
sample. Qualitatively, a higher CM can be interpreted as a higher
anisotropy of the sample.

To define functional regions (substrate binding sites) of
SerRS, insertional (TAB linker) mutants and site-directed
C-terminal deletion mutants were constructed (amino-acid
residues 373, 405, 416, 424). All of these mutants did not
(over-)express SerRS proteins, except for one 2 amino-acid
insertion mutant at position 20 which overproduced fully
active SerRS. Comparison of the E.coli and the yeast SerRS
sequences show that the C-terminal parts are much more
conserved than the N-terminal parts, indicating that the
C-terminus could play an important role in catalysis.
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orientability of a particle by induced birefringence in strong
magnetic fields. Magnetic birefringence was found to be
highly sensitive to structural changes and demonstrated
clear differences between different plasm ids. A structural
change in supercoiled DNA was observed with varying temperature that can be explained by a change in the number
of superhelical turns. Supercoiled and nicked DNAs show
interparticle interactions at concentrations down to 1 mg/ml.
Ethidium bromide titrations of different supercoiled plasm ids
gave evidence for two or more conformational changes in
the superhelix before reaching the relaxed conformation
(Plate 73). Bent sequences were found to have a strong
influence on the overall supercoil structure. Bends seem to
introduce additional conformational constraints into a superhelix. There is evidence that bends may cause branching.

Bacterial protein biosynthesis
Seryl-tRNA synthetase

(M. Hartlein, D. Madern & R. Leberman)
Escherichia coli seryl-tRNA synthetase (SerRS) is a dimeric
protein with identical subunits of 430 amino-acids. Its gene
has been cloned and sequenced, its gene product overproduced and crystallized (Hartle in et al., 1987; Leberman et
al., 1987).

We constructed SerRS overproducing clones where enzyme
expression is under control of the tac promotor. The putative
serS promotor region was removed by the site-directed
generation of an EcoRI site 20 bp upstream from the ATG
translational initiation codon for serS and the deletion of an
EcoRI fragment.

The primary structure of SerRS contains two SKS motifs,
one in the N-terminal region (positions 55-57) and one in
the C-terminus region (positions 376-378). This motif has
been found in some, but not all aminoacyl-tRNA synthetase
sequences. It has been shown (for the methionyl and tyrosyl
enzymes) by cross-linking studies that this sequence motif
is involved in 3 f -end tRNA binding. We constructed 2 SerRS
mutants with the lysine (K) residue of the N-terminal or the
C-terminal SKS motif changed to threonine. Both mutants
over-express SerRS at the wild-type level and possess full
aminoacylation activity indicating that both lysine residues
are dispensible for activity.
Site-directed mutagenesis on a region with
high homology to a region of E.coli
threonyl-tRNA synthetase

We have begun site-directed mutagenesis studies of a
region in SerRS which has a significant homology with
the threonyl enzyme (amino-acid residues 257-286). Preliminary results indicate that this region is important for
expression (and possibly for function) of SerRS. Mutations
of 4 highly conserved residues in this region generates
clones which do not (over-)express SerRS as monitored
by Western blotting. Since all site-directed, insertion and
deletion mutants of SerRS so far constructed are either
active and over-express or no longer express the mutant
enzyme, the possibility that activity and expression of this
enzyme are related will be further studied.
Threonyl-tRNA synthetase autoregulates its expression at
the level of translation (Springer et aI., 1986). Mutations
that are located between 10 and 40 bases upstream of
the translational initiation codon for thrS and more than
100 bases downstream of the transcriptional initiation site
affect this autoregulation. The mRNA region where these
mutations are located share primary and secondary structure homology with specific parts of several isoacceptor
tRNA thr species. In serS we identified a similar sequence
in the N-terminal coding region. Site-directed mutagenesis
experiments are under way to see if this region is involved
in the regulation of serS expression.
tRNAser

For the structural studies (small-angle neutron scattering
and x-ray diffraction) of the enzyme-tRNA complex relatively
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PLATE 74
Sequencing strategy for the asnS gene. Arrows represent length
and direction of sequences obtained by the method of Sanger et
al.. Restriction sites involved in cloning were notified. The large
arrow indicates the coding region for asparaginyl-tRNA synthetase.
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large amounts of pure cognate tRNA are required. Protocols have been developed for fractionating large amounts
of crude tRNA using established techniques and complex
formation with SerRS to yield highly purified single species
of tRNAser •

Asparaginyl-tRNA synthetase
(J. Anselme & M. Hartlein)
From the multicopy plasmid pJP33 derived from pACYC
184 containing the E.coli asnS gene (Tommassen et al.,
1982), restriction fragments have been obtained by digestion with EcoRI, Sail and 8glli. Appropriate fragments
were subcloned using phages M13mp18 and M13mp19
and sequenced by the Sanger procedure. As yet one
strand has been completely sequenced and about 80% of
the other. The sequencing strategy is shown in Plate 74
and a preliminary sequence has been obtained. The only
other aminoacyl-tRNA synthetase with significant homologous regions in its primary structure to this enzyme is yeast
aspartyl-tRNA synthetase.

Leucyl-tRNA synthetase (M. Hartlein,
D. Madern, B. Rushton & R. Leberman)
Construction of an E.coli leucyl-tRNA synthetase
overproducing clone
The transcriptional initiation site for the leucyl-tRNA synthetase gene (IeuS) was determined by S1 nuclease mapping. The LeuRS promotor was defined by comparison
of the sequences found upstream from the initiation site
with those in the consensus sequence for E.coli promotors. A leuS mutant with a deletion in the -35 region was
constructed by Bal 31 nuclease treatment. This clone no
longer over-expressed LeuRS. The mutant gene, introduced
into pUC19, directed the LeuRS expression controlled by
catabolic repression of the lac promotor. The level of enzyme expression was very high, equal to approximately 40%
of the soluble cell protein.
Mutagenesis
The primary structures of aminoacyl-tRNA synthetases for
the family of amino acids with XUX codons have various
regions of homology, one of which has the concensus se196

Overexpression of NAM2 proteins in E.coli

(with the laboratory of P. Sionimski, Gif-sur-Yvette)

I

I

quence WXXSRXXXXG. Site-directed mutagenesis of this
region has been started. One over-expressed mutant protein
was obtained which was enzymatically active in the formation of the aminoacyl-adenylate but inactive in the transfer
of the aminoacyl moiety to tRNA.

NAM2 proteins from it S.cerevisiae and it S.douglasii are
mitochondrial leucyl-tRNA synthetases involved in mRNA
splicing (Herbert it et aI., 1988). Isolation of these proteins
from overproducing yeast strains yields only small amounts
of partially purified material insufficient for structural studies
(e.g. crystallization, neutron scattering). Therefore a programme to over-express the NAM2 proteins in it E.coli has
been initiated.
We cloned a nam2+ containing Kpnl-Spel fragment of the
plasmid YCpGMC068 (Herbert it et aI., 1988), as an intermediate step, into pUC19 cut with Kpnl-Xbal. The nam2+
containing EcoRI-Hindlll fragment of this construct was then
cloned into the expression vector pKK223-3. The resulting clones did not express NAM2 proteins as shown by
minicell analysis and Western blotting experiments. This is
probably due to the codon usage of nam2+ which is not
adapted for high expression in it E.coli. We now intend to
construct fusion proteins between E.coli LeuRS and NAM2
as a means to obtain expression of the mitochondrial proteins.
Small-angle neutron scattering (R. Leberman
& M. Hartlein (EMBL) & G. Zacca"i (ILL))
Small-angle neutron scattering (SANS) measurements have
been focused on studies of SerRS and its complexes since
the high resolution of this enzyme by x-ray diffraction analysis is proceeding (see elsewhere in this report). The enzyme
is crystallized in the presence of ammonium sulphate (at
52% saturation) and a detergent (1%) which purports to be
octyl-glucoside but is not. Measurements by SANS of the
molecular parameters of the enzyme in standard low salt
buffer and in buffer-containing ammonium sulphate to 40%
saturation with and without detergent showed that neither
addition had any significant effect on the protein conformation. High-angle measurements of the protein alone have
been made and the data for these are being analysed to
determine the shape of the molecule.

SerRS:tRNA complex
The stoicheiometry of this complex was determined by titration of the enzyme with purified tRNAser in water under low
salt conditions. The end-point corresponded to the addition
of 2 molar equivalents of tRNA i.e the formation of a 1:2
enzyme:tRNA complex. The titration curve indicates that the
tRNA binding sites are equivalent with neither cooperative
nor anti-cooperative behaviour and no evidence of aggregation. This result is different to those obtained by Knowles
et al. (1970) who claim that only a 1:1 complex is formed
under low salt conditions by studies using density gradient
centrifugation and gel-filtration.

PLATE 75

Stuhrmann plots for seryl-tRNA synthetase (+) and its complex with
tRNAser (0).
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The enzyme was also titrated with tRNNer under low salt
conditions in 75% 0 20 where the scattering due to the RNA
would be matched out by the solvent. This titration showed
that there were no major changes in protein conformation
on binding the cognate tRNA.
A contrast variation (various 020 concentrations) study was
carried out on the enzyme and the 1:2 complex under low
salt conditions. An analysis of the data shown in Plate 75
allowed us to calculate the distance between the centres of
mass of the 2 tRNA molecules in the complex which was
found to be 85-90 A.

Elongation Factor Tu

(M-Th. Oauvergne, M. HMlein & R. Leberman)
Previous constructs of the clone for the nucleotide binding
domain of bacterial EF-Tu were shown by DNA sequencing
to code for a fusion protein due to the non-insertion of the
universal translation terminator. This problem was overcome
by incorporation of the oligonucleotide CTAATIAGGTAC3 ,
which, when incorporated in the correct reading frame,
introduces 2 sequential stop codons. It is now possible
to over-express and isolate this nucleotide-binding domain,
characterization and crystallization trials are under way.

Deuteration laboratory

(M-Th. Oauvergne & R. Leberman)
Interest in the deuteration of bacterial proteins, either natural
or cloned, for NMR studies has been increased following the
publication of LeMaster & Richards (1988) which is a sequel
to the observations made earlier on the probable utility
of this procedure, using deuterated EF-Tu as an example
(Kalbitzer et al., 1985).
As described last year the strategy adopted for the deuteration of recombinant DNA proteins is to transfer the gene
bearing plasmid into the bacterial strain JM1 01 and to study
the adaption of this bacterium to high concentrations of 0 20.

In some of the systems presented for deuteration, stepwise
adaption led to loss of plasmid at relatively low levels of
020. A continuous procedure was developed permitting the
bacteria to grow in an increasing concentration of 0 20 by
a process of dialysis. This procedure, besides avoiding loss
of plasmid, is more conservative in terms of 0 20 utilization
and time.
JM1 01 a38, containing a plasmid bearing the gene for
adenylate kinase, was adapted and grown in 80% 0 20
in the presence of perdeuterated succinic acid as carbon
source. A similar culture was made with the addition of
protonated phenylalanine, threonine and isoleucine to the
culture medium. Both preparations were used for the isolation of deuterated adenylate kinase for NMR studies by
the group of P. Rorsch (Heidelberg). Similarly the strain
JM1 01 cc'H-ras containing a plasmid bearing the gene for
cH-ras has been grown at 95% 020 without loss of plasmid
at a preparative level for the group of A. Wittinghofer (Heidelberg). The strain JM1 01 pBs crp has been adapted to growth
in 90% 020 without loss of plasmid and preparative cultures
should provide deuterated cyclic AMP receptor protein for
NMR studies (R. King, Mill Hill)
X-ray crystallography of seryl-tRNA synthetase
from E.coli (S. Cusack, C. Berthet, R. Leberman,
N. Nassar & J. Vicat)
Significant progress has been made during 1988 in the
structure determination of it E.coli seryl-tRNA synthetase
which crystallizes from 50% ammonium sulphate in monoclinic space-group C2 (see last years report). Using 6 Adata
measured on the CA04 diffractometer at Heidelberg, five
heavy atom compounds have been found to give isomorphous derivatives and the heavy atom sites located by difference Patterson and Fourier methods. Erbium chloride and
dysprosium chloride both give the same single site; the latter
being preferable due to the strong anomalous signal (see
below). Ethylmercury chloride gives three sites. Potassium
tetrachloroaurate subsitutes at one place corresponding to
the major mercury site. Uranyl-acetate, which also has a
strong anomalous signal, gives a cluster of five closely
spaced sites. A very surprising feature of all heavy-metal
sites so far located is that they all have y-coordinates (the
y-axis is parallel to the crystallographic two-fold axis) within
6 A of each other (although the x and z coordinates vary).
That this is not an artifact has been demonstrated in the
following ways: (a) a double derivative containing dysprosium and mercury was prepared. The Harker section (y=O)
of the difference Patterson (see Plate 76) clearly shows the
dysprosium and major mercury self- and cross-peaks on the
same section. (b) Difference Fouriers using protein phase
estimates from either the dysprosium derivative or the uranyl
derivative give completely consistent locations for the heavy
atom sites.
A MIR map at 6 A resolution has been calculated using
phase information from the dysprosium derivative (isomorphous and anomalous), the mercury/dysprosium double
derivative (isomorphous only) and the uranium derivative
(isomorphous and anomalous) giving a mean figure of merit
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Plate 76
Harker section (y=O) of mercury/dysprosium - native difference Patterson at 6 resolution showing dysprosium (Dy) and mercury (Hg)
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self- and cross-peaks. The crystallographic 2-fold is perpendicular
to the section; a=128.3A, c=69.7 A, {3=91°.
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of 0.74. The map very clearly distinguishes the protein
from the solvent and immediately shows that the synthetase
dimer has its 2-fold axis coincident with the unique crystallographic 2-fold axis, implying a solvent content of the unit cell
of about 70%. A bizarre feature of the map is long tubes of
density forming bridges between neighbouring dimers. Plate
77 shows one section of the map and the location of the
heavy-atom sites clustered within a flat pocket.
High resolution dysprosium derivative data has been collected on film at the LURE synchrotron, Orsay, using a
wavelength of 1.43 A (between the LI and LII edges) to
enhance the anomalous scattering signal. Processing the
110 film packs of data is still in progress. Various attempts
have been made to measure high resolution derivative and
native data on the FAST and Xentronics area detectors at
EMBL Heidelberg (in collaboration with Paul Tucker). For
technical reasons the results have not been very successful
although a native dataset on the Xentronics looked very
promising before the x-ray generator broke down. Hopefully the uranium derivative can soon be measured at high
resolution and this combined with the dysprosium data and
the powerful solvent flattening procedure should enable the
enzyme structure to be determined.
Parallel work is being undertaken on synthetase crystals
co-crystallized with ATP and ATP/serine (hopefully giving
bound seryl-adenylate). Data collection on these crystals is
in progress.
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Adenovirus proteins (M. Adrian, S. Cusack,
J. Chroboczek, M. Cuillel (INSERM), C. Devaux
(INSERM), B. Jacrot, R. Ruigrok, C. Chatellard,
C. Rizo, B. Cortolezzis, R. Neumann & F. Bieber)
The aim of the project is to determine the structure of the
three proteins (fibre, penton base and protein lila) which
constitute the apex of the virion, and to understand how
they contribute to the correct morphogenesis of the virion.

The fibre
The efforts to improve the quality of fibre crystals have been
pursued on both serotype 2 (AD2) and 5 (Ad5). Four types of
crystals have been obtained depci1ding on the serotype and
on the presence or absence of the first N-terminal17 aminoacids. Electron micrographs of samples in amorphous ice
have been taken for all of them and analysed to determine
the packing of the fibres. In addition to the large crystals
already obtained with cleaved Ad2 fibre, others have been
obtained with cleaved Ad5 fibres. Their unit cell is smaller
than for Ad2 crystals (long axis 37 nm instead of 54 nm),
but unfortunately they are disordered around this axis.
The biochemical characterization of the fibre has also been
pursued. The absence of disulfide bridges between the
polypeptide chains in the trimer has been demonstrated.
The extreme stability of the trimer which is not dissociated
in 8 M urea is still puzzling. We succeeded in cleaving the
fibre between its tail and its head. When treated with urea,
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Section (y=O) of 6 AMIR map of seryl-tRNA synthetase showing
clustering of heavy atom sites (Uranium ., dysprosium _, mercury EEl. The crystallographic 2-fold is perpendicular to the section
through the centre; a=128.3 A, c=69.7 A, ,8=91 0 •
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the tail remains trimeric whereas the head is dissociated. It
seems that the extreme stability of the fibre .is due to the
intertwining of the three polypeptide chains.
The published length of the fibre of Ad2 and Ad5 is about
30 nm. This length was used by Green it et al. (1983)
for their fibre model. However, the analysis of crystals of
fibre suggested a 10 to 20% larger value. Therefore, we
performed a detailed analysis of the isolated fibre, the fibre
associated with the penton base and the isolated penton
base, using negative stain electron microscopy. It appeared
that the shaft of the fibre consists of repeats which are
visible on isolated molecules but much more clearly so
in some negatively stained crystals of fibre. The repeats
have a spacing of about 3 nm. Depending on the staining
conditions, there are 7-1 repeats (thick stain), resulting in
an overall fibre length (shaft + head) of 31 nm, or 9-1
repeats (thin stain) with an overall length of 37 nm. In
some instances an intermediate length was found. From
measurements on fibre associated with penton base, it
appears that the long form is the native one. Apparently,
one or two of the N-terminal repeats of the shaft unwind
and/or deform upon drying in thick stain. fibres with the
17 N-terminal residues removed by chrymotryptic cleavage
gave the same results as intact fibre.

At present we are trying to determine how far the fibre
inserts into the penton base by determining the depth of the
hole in isolated penton base, using negative staining and
tilting experiments. Also, using high resolution shadowing
techniques, we try to avoid the influence of negative stain
on the fibre length and to obtain more information on the
fibre length in solution.
Last year we reported on the expression of Ad2 and Ad3
fibre genes in E.co/i cells, using the T7 promoter system.
of induction. They
Both proteins are stable during the
are insoluble in buffers at physiological pH, in various salt
solutions and in the presence of non-ionic detergents. They
can be solubilized in SDS or in urea solutions above 2 M.
For the purification, the cellular debris containing recombinant protein were solubilized in 6 M urea. The purification
was achieved by passing the soluble extract through series of chromatographic columns and diminishing the urea
concentration at each step by about 2 moles. The final
product is a stable aqueous solution containing recombinant
fibre. In the case of Ad2, the recombinant protein runs
on non-denaturing gels with the mobility of native fibre,
which suggests that the formation of trimeric fibre occurs in
prokaryotic cells. In the case of Ad3 protein we do not have
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the native protein which could be used for comparison, but
we cross-linked the recombinant protein and as a result we
can see the trimeric protein on the denaturing gels.
Additional experiments performed with the recombinant Ad2
fibre show, however, that this trimer has a much less
compact structure than that of native Ad2 fibre. During gel
filtration the recombinant protein is excluded before the
native fibre. It is also much more sensitive to chymotrypsin
digestion than the native protein. In electron microscopy the
recombinant fibres are also quite different from the native
one.
The incorrect folding and/or oligomerization of recombinant
protein may stem from:
(1)

the lack of the native N-terminal part, since the recombinant fibre contains at N-terminus 12 additional
amino-acids;

(2)

the lack of some factor(s) necessary for the proper
folding provided by the natural host cell and absent
in Ecoli;

(3)

the lack of some factor(s) synthesized during viral
infection.

We will now try to improve the folding of recombinant protein
by different procedures which will enable us to check the
above suppositions.
One of the approaches used is the expression of fibre
protein in yeast cells. In collaboration with the Leicester
Biocentre (Leicester University) we introduced Ad2 as well
as Ad3 fibre gene into the inducible yeast vector. After
transformation of the yeast with the appropriate plasmid, in
neither case were we able to detect the synthesis of fibre.
We will try to see if the fibre expression is blocked at the
level of transcription or translation.
We have also cloned and expressed in Ecolithe larger part
of the Ad2 fibre shaft (aa 156-381) as well as the C-terminal
part containing the head-part of Ad2 fibre (aa 381-581),
using promoters recognized by Ecoli RNA polymerase.
The yield of expression is very low, which prompts us to
use again the T7 system which seems to be much more
efficient.
The recombinant Ad3 fibre purified in a way similar to that
of the Ad2 one will be used to obtain immune serum. We
plan to use this serum for the purification of native Ad3 fibre
protein.

Penton base
Previously we found unexpected large differences (31%)
between the amino-acid sequences of Ad2 and Ad5. We
interpret this to be a consequence of the exposition to
the outer medium which results in the existence of many
antigenic sites. We have made the same comparison for
the penton base. We found only 7 differences. This suggests
that the protein is not very exposed to the solvent.
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Protein ilia
This has been produced as a recombinant protein in Ecoli.
It has now been purified and is completely soluble in 1 M
urea. The protein of a mutant, t5112, which is defective in
DNA packaging and for which an alanine to valine mutation
in protein ilia has been shown to be responsible, has also
been produced and purified. Both have been characterized
with light scattering, sedimentation and sucrose gradient,
and observed with electron microscopy. Protein lila seems
to be an elongated molecule. The protein from the mutant is
somewhat more compact (hydrodynamical radius of 3.9 nm)
than its native counterpart (radius of 4.3 nm). This difference
is also supported by preliminary studies on renaturation
followed by fluorescence. This will be further investigated.
We have sequenced the gene of the protein ilia from Ad5.
The result is that the protein of the two serotypes differs only
by one amino-acid (out of 585). This suggests that protein
lila is not at all exposed to the exterior of the virus.
Tyrosyl-tRNA synthetase (TyrRS) from wheat germ
(J. Chroboczek & J.-P. Quivy)
Tyrosyl-tRNA synthetase was purified 5000 fold from wheat
germ extract. Under denaturing conditions, the enzyme runs
as a single band on SDS-polyacrylamide electrophoresis
with an apparent Mr of 55,000. The native molecular weight
determined by gel filtration was 110,000, suggesting a quarternary structure of an alfa2 type for native TyrRS. Purified
enzyme activity was studied in terms of Mg2+, ATP, pH and
KCI dependence. From a 100 g portion of wheat germ, we
can obtain about 200 /1g of pure enzyme. In the next step of
our studies on TyrRS, we would like to find the appropriate
gene in the wheat genomic bank and sequence it.
Electron microscopy (R. Ruigrok)
Part of the activity was on adenovirus fibre and has been
reported above.

Electron microscopy studies on RecA filaments
(with E. DiCapua & P. Timmins (ILL»
The RecA protein of Ecoli (MW 38,000) performs in vitro
the strand exchange step of the homologous recombination pathway postulated in the Holliday model. The strand
exchange reaction is well-characterized enzymatically: the
protein coats one DNA partner, beginning at a singlestranded region; this "presynaptic complex" then assimilates
the second DNA partner, yielding a multi-stranded complex; for these two steps, ATP is necessary sterically (the
non-hydrolyzable analogue ATP,S supports the formation
of the complexes), while to complete the reaction by strand
exchange and concomitant strand migration, ATP hydrolysis
is required (E. DiCapua & Th. Koller, 1987).
Purified RecA protein is a rod-shaped homopolymer. Upon
binding to single-stranded DNA, it displays two different
appearances depending on the presence or absence of ATP

(or its non-hydrolyzable analogue ATP,,),S), while binding
to double-stranded DNA only occurs in the presence of
ATP,,),S. The homopolymer and the various complexes were
studied with small-angle neutron scattering. It appeared that
there were only 2 types of structures:
(1)

(2)

The homopolymer and the single-strand DNA complex
in the absence of ATP were identical. Guinier analysis
of the plots revealed a mass per length of 7 RecAl1 00 A
and a cross-sectional radius of gyration (Rc) of 40 A.
Scattering at larger angles showed a peak at 62 A.
The other type consists of RecA bound to single- or
double-stranded DNA in the presence of ATP. These
complexes have a mass per length of 6.4 RecAl1 00 A,
Rc=33 A and show a 75 A peak at high-angle scattering.

Electron microscopy was used to study the neutron samples for various reasons. We wished to know how the
higher angle peaks arose. It showed that the 75 Apeak of
complexes with ATP could be caused by the 97 A helical
repeat combined with a helical angle of 40°. The 62 A
peak of homopolymers and complexes without ATP could
not be explained in a similar fashion and might be caused
by the width of the complex. Model-building studies are
underway to assess this possibility. We have also used
electron microscopy to check the conditions (temperature,
concentration) needed to form the different complexes and
the homopolymers.
Finally, we are studying the binding of RecA to singlestranded DNA by measuring contour lengths of complexes
with circular DNA. We are aiming to determine the stochiometry of RecA and DNA under various conditions (temperature, concentration, incubation time, presence and absence
of ATP). Combining this work with neutron scattering and
x-ray diffraction data, we hope to obtain a model of the
pre-synaptic complex.
Detector group (A. Gabriel & F. Dauvergne)
The main activity of the detector group is the development of detector systems for synchrotron radiation application. In addition to our support to our laboratory, we
assist several other laboratories with the construction of
two-dimensional detectors. Among these are SSRL (Stanford University, Prof. S. Doniach), HASVLAB {Hamburg,
Prof. H. Stuhrmann, and Hamburg University (Prof. Zachmann). The industrial development of the detectors is in
progress.

High counting rate detector for ESRF
The design of the multi-wire proportional chamber (MWPC)
detector is based on the model of detectors operating at
EMBL and at the Daresbury Laboratory. But to meet the
requirements of the high flux of photons, the ESRF source
will use a new electronic system, and a new chamber is
being designed.

Electronic system

A rapid-charge centroid finder will be used to determine
the X,V position of incident x-ray photons. This centroid
finder works on digitized information, simultaneously available from all electrodes, and uses parallel processing to
achieve a high rate of data acquisition.
Chamber design

Since high performance is required from the chamber, it is
of vital importance that the engineering of its components
be of the highest possible quality and that it be designed
to incorporate facilities which allow for modification of its
internal geometry. In a conventional MWPC, the spatial
resolution in one direction is quantitated in units of the
anode wire pitch; this is done because the avalanche occurs very close to only one anode wire and the derived
position of the event is, therefore, that of the anode wire;
for events which are orthogonal to this first direction, no
such quantation exists, as the avalanche can occur at
any point along the anode wire. To avoid this problem,
a chamber with a large drift region in front of the anode
plane is being built. The drift region allows for spreading
of the cloud of primary electrons resulting from an ionising event, and subsequently to involve several anode
wires in the avalanche. By this method, the quantitation
phenomena are turned into a detection continuum. The
final geometry, however, will obviously be determined by
experiment.

An instrument for soft x-ray anomalous
scattering at HASYLAB (with the team
of H. Stuhrmann)
The diffractometer A 1 at HASVLAb (Plate 78) can be tuned
to any wavelength between 1.2 A and 6 A. Its main task
is to explore the potential of anomalous scattering of light
elements down to the atomic number z=15 (phosphorus).
The system of measurement includes several mirrors, a
monochromator and four detectors made in our laboratory.
Detectors and electronic arrangement

Originally detection was carried out with three detectors of
180x180 mm. These detectors are now replaced by four
detectors of 300x300 mm, mounted on a rotating vacuum
box. Soft x-ray diffraction requires a very thin mylar window
supported by a metallic mesh. The argon-filled area detector
works perfectly well with 5 A photons. The spatial resolution is only slightly decreased with longer wavelengths.
The electronic equipment is in full routine use at EMBL
Hamburg. Basically, the position of the ionizing event is
converted into time units with the use of an electronic delayline linked to the electrodes of the detector. The read-out
system, which has been designed at EMBL in cooperation
with Christian Boulin (Heidelberg) and Michel Koch (EMBL
Hamburg), involves preamplifiers, amplifiers, discriminators
and time convertor, and permits a high counting rate (.5
MHz).
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PLATE 78
Side view of the diffractometer at beam line A 1 of HASYLAB.
The wavelength scale holds for the 111 reflection of a germanium
single-crystal monochromator. To demonstrate the use of the instrument for anomalous scattering, we added the K, L3 and M5 x-ray

absorption edges which can be reached. At present, wavelengths
between 1.2 A and 6 Acan be used for diffraction experiments.
(Courtesy Prof. H. Stuhrmann)
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