


European Molecular Biology Laboratory
MeyerhofstraBe 1
Postfach 10.2209
6900 Heidelberg

Cover design: Petra Riedinger

Typesetting (TEX and PostScript), lay-out and
exposure (from PostScript files): Frieda Leenart

Printing: Heidelberger Verlagsanstalt und
Druckerei GmbH, HVA, Heidelberg

Front Cover:

During cell division (mitosis) cells round up and the structure of
the cytoplasm and the nucleus is dramatically altered: The chro-
mosomes condense, the nuclear envelope fragments, microtubules
reorganize and form the mitotic spindle. Several groups at the EMBL
study events occurring during transit from interphase to mitosis. For
detail see group reports.

Panels on the left show cells during interphase, on the right cells
during mitosis. The upper panels display microtubules (green) and
DNA of the chromosomes (grey) as observed after double labelling
in the confocal microscope (A. Merdes and E. Stelzer). The lower
panels show a graphical representation of cellular organelles during
interphase and mitosis respectively.
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Cell Biology Programme

Introduction

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

Studies of cellular organization at the molecular level ne-
cessitated a departure from the traditional ways that cell
biologists had been studying cells. Assays had to be de-
veloped in which complicated processes could be studied
in the test tube or in permeabilized cells. Several such
assays have been developed by different groups in the
Programme during recent years. The main emphasis is now
on identifying the components of the machinery responsible
for membrane trafficking, cytoskeletal and nuclear pore func-
tion and cell cycle regulation. These processes are being
studied in different experimental systems with a combination
of morphological, biochemical and genetic methods. Novel
proteins have been identified at the EMBL as well as in other
laboratories. However, this work is just beginning to produce
results. Most of the excitement is still ahead of us.

One family of proteins involved in regulating membrane traf-
fic is the Rab subfamily of GTP-binding proteins. More than
twenty four such proteins have now been identified. These
proteins have been localized both to the secretory pathway
and to the endocytic routes. A comprehensive characteri-
zation of these proteins both structurally and functionally is
under way in the Programme. These proteins might provide
functional markers for all the membrane transport steps in
the cell.

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

Group leader: K. Simons

Scientist: C. Dotti

Fellows: P. Dupree, K. Fiedler*, L. Huber, T. Kobayashi, T. Kurzchalia, V. Olkkonen*, S. Pimplikar*

Visitor: J. Peterson*

Assistants: L. Meyn, H. Virta

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

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

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

Our working model for the constitutive delivery of mem-
brane and secretory proteins to the apical and basolateral
domains in MOCK cells consists of two pathways from
the trans-Golgi network (TGN). Several lines of evidence
suggest that the sorting into the apical pathway is signal-
mediated. Not only do apical proteins have to be recog-
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nized by specific sorting proteins but glycosphingolipids
and glypiated (glycosylphosphatidyl inositol-anchored) pro-
teins have to be included as well. The sorting process is
postulated to proceed by protein-protein and protein-lipid
interactions. We have previously been able to isolate the
apical and the basolateral vesicles derived from the TGN.
Analysis of the purified vesicles by two-dimensional gel
electrophoresis has shown that the two vesicle types con-
tain both common and specific proteins. Recent results
have demonstrated that a subset of the apical proteins
are complexed to each other and/or to the newly syn-
thesized influenza virus haemagglutinin. This complex can
be extracted from the vesicles with the aid of the zwitte-
rionic detergent, CHAPS. On the other hand, the baso-
lateral VSV glycoprotein is not in a CHAPS complex, in
keeping with our view that basolateral sorting does not
involve protein-protein recognition. The CHAPS complex
is a large aggregate, sedimenting with as-value >500S.
The interactions responsible for the formation of this huge
complex are so specific that CHAPS can be used to iso-
late this subset of apical-vesicle proteins from total MOCK
cell homogenates. A smooth membrane fraction flotating
to the same density as the TGN-derived transport vesicles
was used as the starting point for the CHAPS extraction.
The CHAPS aggregate was then fractionated into integral
and peripheral membrane proteins by Triton X-114 parti-
tioning. Using this three-step procedure, the first vesicle
membrane protein has been purified. Partial amino-acid
sequencing (done by Roland Kellner and Tony Houthaeve)
led to the construction of oligonucleotides which could be
used to screen an MOCK cONA library. The cONA en-
coding the VIP 21 protein has now been sequenced. The
protein is 178 amino-acids long. It has one 33 amino-
acid long transmembrane sequence, 100 amino-acids from
the amino terminus. The protein was tagged with a c-
myc epitope and expressed in baby hamster kidney (BHK)
cells. Immuno-electron microscopy (done by Rob Parton)
demonstrated that the tagged protein was localized to the
trans side of the Golgi, to vesicles in the cytoplasm and



in the plasma membrane. The same procedure is now
being used to isolate the other proteins in the CHAPS
complex. These include 17, 39, 66 and 200 kDa pro-
teins.

This amazingly simple purification procedure represents a
major breakthrough in our attempts to characterize the
machinery responsible for apical and basolateral sorting
in the TGN of MDCK cells. The results give further sup-
port to our working hypothesis on apical sorting. This
sorting process must be driven by protein-protein as well
as glycolipid-glycolipid and glycolipid-protein interactions.
Most likely these interactions take place in the lipid bilayer,
suggesting a role for lipid phase separation in the sorting
process.

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

To study the involvement of putative machinery in biosyn-
thetic sorting, transport vesicle formation and in post-TGN
delivery, we need assays that reconstitute these processes.
We have used streptolysin 0 (in collaboration with S.
Bhakdi, Mainz) a cytolysin that binds to cholesterol and
creates pores in membranes. We have modified the pro-
cedure of Gravotta et al. (1990) to make the streptolysin-
permeabilized filter-grown MDCK" cells depleted of cytosol.
Delivery of VSV glycoprotein, influenza haemagglutinin and
fluorescent sphingolipid to the apical and basolateral mem-
brane domains could be reconstituted in the permeabi-
lized cells. Transport was temperature-, ATP- and cytosol-
dependent. Studies are now in progress using this assay to
study the role of Rab proteins, jJ-COP (in collaboration with
Thomas Kreis) and other cytosolic protein factors in apical
and basolateral delivery.

In streptolysin-permeabilized cells the consecutive steps in
apical and basolateral transport from the TGN cannot be
dissected. This we are doing in filter-perforated MDCK cells.
The formation of apical and basolateral vesicles has been
previously demonstrated to occur. We are presently trying
to reconstitute the docking and fusion of the apical and
the basolateral transport vesicles to their respective target
membranes in perforated cells.

The Rab subfamily of Ras-like GTP-binding
proteins in MOCK cells (P. Dupree, L. Huber
& V. Olkkonen)

Recent studies in several laboratories have shown that Ras-
like GTP-binding proteins play an important role in mem-
brane traffic. The first two to be characterized were Ypt-1
and Sec4 proteins from Saccharomyces cerevisiae. Marino
Zerial and Philippe Chavrier have cloned and sequenced
nine ypt-1/sec4-like genes encoding proteins termed Rab
from a MDCK cDNA library. Among these, Rab2 has been
localized to a compartment between the endoplasmic reticu-
lum (ER) and the Golgi complex, Rab5 to early (presumably

basolateral) endosomes, and Rab7 to late endosomes. We
have now completed the sequences of five additional Rabs
(Rab5c, Rab13, Rab14, Rab15, Rab16). This brings the
total number to 24 sequenced Rab proteins. Together with
the Zerial and the Griffiths groups, we are in the process
of constructing a Rab catalogue. This catalogue should
include the sequence of the protein, its two-dimensional gel
electrophoresis behaviour and its localization in the cell us-
ing immunofluorescence microscopy and immuno-electron
microscopy. Our present data suggest that the Rab proteins
will be excellent markers for subcellular fractionation. It is
our hope that a complete Rab catalogue including a library
of specific Rab antibodies will give a new dimension to
the now frustrating task of identifying subcellular compart-
ments.

We are also searching for Rab proteins functioning in apical
and basolateral protein delivery in MDCK cells. Studies on
the Rab8 protein are suggesting a role for this protein in
basolateral delivery. This protein is enriched in immunoiso-
lated basolateral carrier vesicles. Immunofluorescence mi-
croscopy and immuno-electron microscopy (done by Rob
Parton) shows that it is localized in vesicles in the cytoplasm,
and that it is present on the lateral plasma membrane.
Studies are in progress to test its function in basolateral
transport.

Identification of genes required for generating
and maintaining epithelial organization
(V. Olkkonen)

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

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

Neuronal cells are especially interesting cells for studying
polarized membrane traffic. These cells have long surface
processes, axons and dendrites which form synapses in
the nervous system. Almost nothing is known about how
the axonal and the dendritic proteins are sorted to their
destinations. Could it be that epithelial and neuronal cells
use similar sorting mechanisms for new synthesized cell
surface proteins in their trans-Golgi networks to generate
two carrier vesicle populations?
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Primary cultures of fretal rat hippocampal neurons have
been used to study this question. These cells undergo
a sequence of developmental events after plating. First,
several short processes are formed, and one of these
begins to grow rapidly to form the axon. Subsequently,
the remaining processes start to elongate to become the
cell's dendrites. Finally, the axons form synapses with the
dendrites and the cell bodies of other neuronal cells in
the culture. When these neuronal cultures are infected with
influenza virus and with VSV before synapses have been
formed, the haemagglutinin and the VSV glycoprotein are
delivered to all processes of the cell, including the axon.
However, after synapses have been formed, the situation
has radically changed. The delivery of the newly synthe-
sized influenza haemagglutinin (apical in MDCK cells) is
mainly axonal, whereas the delivery of VSV glycoproteins
(basolateral) is strictly somato-dendritic. We have also found
that the glypiated protein Thy-1 is present in hippocampal
neurons in culture and is exclusively located on the axonal
surface. This finding strengthens our hypothesis that the
mechanisms of sorting of surface components in the TGN,
may be similar in neurons and epithelial cells. This would
imply that axonal and dendritic carrier vesicles are formed in
the TGN and these would have to be transported specifically
into the axon or into the dendrites. This transport seems to
be microtubule-dependent because nocodazole blocked the
delivery of the viral marker glyco-proteins both into the axon
and into the dendrites. One interesting future question is
how the axonal and the dendritic carrier vesicles recognize
the appropriate microtubule tracks to the final destination.
In recent studies (in collaboration with Rob Parton), we
have also studied the organization of the endocytic path-
ways in the mature neurons. Our results (see report by the
Griffiths group), suggest that there are similarities between
MDCK cells and neurons in this regard as well. The early
endocytic circuits are segregated into the somatodendritic
and into the axonal domains respectively. Meeting of the
axonal and dendritic endocytic pathways occurs most likely
first in the cell body and proximal segments of the den-
drites, where the late endosomes and Iysosomes are local-
ized.

Publications during the year

Brandli, A.W. (1991). Mammalian glycosylation mutants as
tools for the analysis and reconstitution of protein transport.
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8

Brandli, A.W., Adamson, E.D. & Simons, K. (1991). Tran-
scytosis of epidermal growth factor. (1991). J. BioI. Chem.,
266, 8560-8566

.Bucci, C., Parton, R., Mather, I., Stunnenberg, H., Simons,
K. &Zerial, M. (1991). Involvement of low molecular weight
GTP-binding proteins in membrane traffic in mammalian
cells. In Biotechnology of Cell Regulations: eds. Verna, R.
&Aaronson, S.A.; Raven Press, New York, pp. 103-114

Chavrier, P., Gorvel, J.-P., Stelzer, E., Simons, K., Gru-
enberg, J. & Zerial, M. (1991). Hypervariable C-terminal
domain of Rab proteins acts as a targeting signal. Nature,
353, 769-772

Dotti, C., Parton, R.G. & Simons, K. (1991). Polarized sort-
ing of glypiated proteins in hippocampal neurons. Nature,
349, 158-161

Huttner, W. D. & Dotti, C.G. (1991). Exocytic and endocytic
membrane traffic in neurons. Current Opinion in Neurobiol.,
1,388-392

Killisch, I., Dotti, C.G., Laurie, D.J., LOddens, H. & See-
burg, P.H. (1991). Expression patterns of GABA-A receptor
subtypes in developing hippocampal neurons. Neuron, 7,
927-936

Parton, R.G., Dotti, C.G., Bacallao, R., Kurtz, I., Simons,
K. & Prydz, K. (1991). pH-induced microtubule-dependent
redistribution of late endosomes in neuronal and epithelial
cells. J. Cell BioI., 113, 261-274

Parton, R.G. & Simons, K. (1991). Endocytosis in the kidney:
insights from the MDCK cell system. Seminars in Nephrol-
ogy, 11,440-452

Simons, K. (1991). Sorting of surface proteins and lipids in
epitheiialcells. In: Nephrology II.: ed. Hatano, M.; Springer
Verlag, pp. 977-983

Other references

Dotti, C.G. &Banker, G. (1992). Development, in press.

Gravotta, D., Adesnik, M. & Sabatini, D.D. (1990). J. Cell
BioI., 111, 2893-2908



Signals and receptors involved in protein localization in the cell

Group leader: B. Dobberstein

Fellows: S. Andersen*, H. Boleti*, S. High, H. LOtcke, J. Pieters, K. Romisch*

Visitors: A. Helenius*, J. Luirink*, S. Prehn*, S. Zachgo*

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

PLATE 1
SRP 7S RNA binding

minimal sequence requirements for: signal sequence binding
439

Structural and functional analysis of the 54 kDa
signal sequence binding protein of SRP
(S. High, J. Luirink & H. LOtcke)
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SRP54 can be divided into at least two structurally and
functionally distinct domains, an N-terminal one (N+G) char-
acterized by the presence of a consensus GTP binding
site (G) (amino-acid residues 1-300) and a C-terminal
methionine-rich region (M). Known GTP-binding proteins
constitute a family of proteins that use GTP hydrolysis to
drive the sequential binding of biological molecules to a
series of reaction partners. We have shown previously that
the SRP54 M domain is necessary and sufficient for the
binding of SRP54 to the particle. Using mutated SRP54
molecules we further defined the region of the SRP54 M
domain essential for this binding (Plate 1 and LOtcke et al.,
in press).

Signal sequences of secretory and membrane proteins are
very different in their primary structure. The only feature
common to all signal sequences is a central short segment
of apolar amino-acid residues. They are nevertheless recog-
nized by one and the same receptor molecule, the SRP54.

Outline of SRP54 and its domains. VB protease cleaves the protein
into two domains, a N+G domain with a consensus GTP binding
site and a methionine-rich (M) domain. Sequences underlined have
been found to be sufficient for signal sequence binding and binding
to SRP7S RNA respectively.

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

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

Secretory and membrane proteins are translocated across
or insel1ed into the membrane of the rough endoplasmic
reticulum (ER) in eukaryotic cells. This process is medi-
ated by a signal sequence, is GTP-dependent, and in-
volves several components: among them signal recogni-
tion particle (SRP) and the docking protein (DP) or SRP
receptor. From the ER proteins. are then transported to
various destinations inside or outside the cell. Our group
is interested in (1) the structural and functional character-
ization of SRP and other components involved in protein
targeting to and insertion into the ER, (2) the character-
ization of signals that mediate protein insertion into the
membrane and (3) the identification and characterization
of signals and receptors for the sorting of class II ma-
jor histocompatibility (MHC) molecules and their associ-
ated invariant chains in the exocytic and endocyt.ic path-
way.

Structural and functional analysis
of components of SRP
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Using a cross-linking approach and anti-peptide antibodies
it was found that a variety of signal sequences, cleav-
able signal sequences as well as uncleaved signal anchor
sequences, interact exclusively with the SRP54M domain
(High & Dobberstein, 1991; LOtcke et al., in press). Free
SRP54 and even its M domain alone was found to be
capable of interacting with signal sequences independently
of the other components of SRP. An essentially intact M
domain is required for signal sequence recognition (Plate
1; LOtcke et al., in press). Although the N+G domain is not
required for signal sequence binding to the M domain, its
alkylation interferes with signal sequence binding to the M
domain. This suggests a close proximity between the N+G
and M domains of SRP54 and points to a regulatory role of
the N+G domain in either the binding or the release of signal
sequences from the M domain. SRP54 can be considered
as a signal sequence specific chaperone that maintains the
nascent chains of secretory and membrane proteins in a
translocation competent conformation until contact with the
ER membrane has been established.

A nascent secretory protein was found to interact specif-
ically with the E. coli homologue of SRP54, P48 or Ffh
(Luirink et al., in preparation; Ribes et al., 1990; Poritz et
al., 1990). Interaction required the presence of a functional
signal sequence and could be competed for with mammalian
SRP. This finding supports the notion that the E. coli 4.5S
RNA / P48 particle is a signal sequence specific chaperone
that maintains nascent secretory -proteins in a translocation
competent conformation (Ribes et al., 1990).

SRP72 (H. LOtcke & A. Ashford in
collaboration with S. Prehn, Berlin)

The 68 kDa and 72 kDa proteins of SRP (SRP68 and
SRP72) have been suggested to playa role in the interaction
of the SRP-arrested ribosomal complex with the ER mem-
brane (Siegel & Walter, 1988). To elucidate the molecular
structure and function of these molecules we have previ-
ously cloned cDNAs coding for SRP68 and now for SRP72.
The deduced amino-acid sequence for SRP72 reveales a
basic protein (pi of 9.99) with 671 amino-acid residues
and a calculated molecular weight of 74 k. A cluster of
basic amino-acid residues is found in the C-terminal region
(LOtcke et al., in preparation). Over-expressed SRP68 and
SRP72 are now being used to elucidate the assembly of the
SRP and to determine the functions of these proteins in the
targeting of nascent secretory proteins to the ER.

Requirements for membrane targeting and
insertion of secretory and signal-anchor (SA)
type membrane proteins (S. High & S. Andersen)

A signal sequence can be cleaved, as in the case of most
secretory proteins, or remain uncleaved. Uncleaved signal
sequences can mediate membrane targeting, insertion and
anchoring. They are therefore also called signal-anchor (SA)
sequences. There are two types of SA-sequences, those
mediating the translocation of the N- and those mediating
the translocation of the C-terminus of a protein. The mech-
anism for N- or C-terminal translocation is still unknown.
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To search for cytoplasmic or membrane components in-
volved in membrane insertion of SA-proteins we used a
post-translational assay. Nascent chain/ribosome/SRP com-
plexes were isolated and requirements for membrane inser-
tion tested. Membrane insertion was found to be dependent
on GTP and to be blocked by the presence of GDP. Be-
sides ribosome-bound SRP no other cytoplasmic compo-
nents were found to be required for membrane insertion of
SA-proteins (S. High, N. Flint & B. Dobberstein, 1991).

Using a lysine-directed cross-linking approach (Wiedmann
et al., 1987) it was found that SA sequences like cleaved
signal sequences interact exclusively with SRP54 during tar-
geting to the ER membrane. Furthermore, after docking on
to the ER membrane release of the signal or SA sequence
from the SRP54 requires the presence of GTP (S. High, N.
Flint & B. Dobberstein, 1991). Upon membrane insertion
both type I and type II SA proteins interact with several
components. Among them is the a subunit of the so-called
signal sequence receptor (SSR), previously identified by
its interaction with nascent preprolactin (Wiedmann et al.,
1987). The main contact site for type I and also type II SA
sequences was found to be· the cytoplasmically exposed
domain of a 37 kDa protein (P37). This protein is distinct
from the SSRa as it is not glycosylated and larger than
any subunit of the SSR (S. High et al., 1991). Further
characterization of this protein is in progress (S. High & S.
Andersen)

Stop codon directed photo cross-linking for the
identification of single-site contacts between
signal sequences and interacting components
(S. High in collaboration with J. Brunner &
B. Martoglio, ZOrich)

J. Brunner (ZOrich) has chemically charged amber suppres-
sor tRNAs with a phenylalanine-coupled cross-linker (Baldini
et al., 1988). Using such acetylated tRNAs and appropriately
mutated complementary DNAs for mRNA production we
have been able to insert the cross-linker modified pheny-
lalanine at sites specified by an amber codon.

Using this technique a cross-linker was incorporated at
different sites within the signal sequence of preprolactin
nascent chains: (1) N-terminal, (2) in the middle and (3) C-
terminal of the hydrophobic core of the signal sequence.
After interaction with SRP and light induction of the cross-
linking, in all three cases only the M domain of SRP54 was
found to be cross-linked. This strongly supports our notion
that signal sequences are only in close contact with the M
domain of SRP54.

When cross-linking was induced after allowing the signal
sequence to insert into the ER membrane different com-
ponents were found to interact with the preprolactin signal
sequence: A 35 kDa glycosylated protein was cross-linked
to the signal sequence when the cross-linker was placed
N-terminal of the hydrophobic core of the signal sequence.
By contrast, a 37 kDa unglycosylated protein was found to
be cross-linked to nascent chains with the cross-linker incor-
porated either in the middle or C-terminal of the hydrophobic



PLATE 2
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ated invariant chain
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and one between amino-acid residues 10 and 29 (Plate
2). Efficient sorting to and retention in endosomal compart-
ments is however only obtained with the intact cytoplasmic
tail (Pieters et al., in preparation). The cytoplasmic tail of
Ii is sufficient for endosomal sorting. When fused to the
resident plasma membrane protein influenza neuraminidase
it directs the hybrid protein to endosomal compartments.
How biosynthetic sorting to endosomal compartments is
accomplished is not known. The cytoplasmic tail of Ii may be
recognized by specific sorting receptors as has been pro-
posed for the mannose-6-phosphate receptor. Alternatively
it may influence the assembly of Ii and MHC class molecules
into large oligomeric complexes (Roche et al., 1991). Further
research is directed towards a m()lecular understanding of
the sorting of MHC class II molecules and Ii, the processing
of antigen, and the binding of peptide to class II molecules.

In collaboration with Gareth Griffiths (EMBL) we investigated
the intracellular processing and localization of MHC class
II molecules and Ii in MelJuso cells. We found that the
Ii chain is proteolytically processed at two distinct sites,
in the ER and in endosomal compartments. Processed Ii
chains lack either the cytoplasmic or the exoplasmic domain.
The exoplasmic domain has been proposed to prevent the
binding of peptide to class II molecules in the ER. The
cytoplasmic domain of Ii is essential for sorting it to en-
docytic compartments. Ii and class II molecules were found
in early as well as late endosomes and in multivesicular
bodies (Pieters et al., 1991) The protease inhibitor leupeptin
was found to interfere with endosomal processing of Ii and
lead to an accumulation of multivesicular bodies containing Ii
(Zachgo et al., unpublished results). Our results suggest that
proteolytic processing is an essential step in the transport of
proteins between multivesicular bodies and late endosomal
compartments.

We have previously shown that Ii, when expressed in mon-
key (COS) cells in the absence of MHC class II molecules,
is found in endosomal compartments. It was furthermore
shown that the 15 N-terminal amino-acid residues were
essential for endosomal localization (Bakke & Dobberstein,
1990). To characterize further the sorting information in Ii a
series of deletion mutants were tested for their intracellular
transport. It was found that the cytoplasmic tail of Ii harbours
two sorting signals, one between amino-acids 1 and 11

An important step in the generation of an immune response
to foreign antigen is the stimulation of T helper cells by
antigen presenting cells. The molecules involved in this
interaction are the cell surface class II MHC-proteins with
bound peptide. This complex interacts with the T cell re-
ceptor and the CD4 coreceptor. In order to be presented,
most foreign antigens must first be processed in endocytic
compartments to generate small peptides. How MHC class
II molecules reach the endocytic compartment and in which
compartment they bind to peptide is not known. Recent ev-
idence suggests that the so-called invariant chain .(Ii) plays
an important role in the function of MHC class II molecules
by preventing premature peptide binding in the ER and by
directing class II molecules from the trans-Golgi network
to endocytic compartments. We want to (1) identify the
intracellular compartments in which class II molecules and
Ii reside, (2) characterize the sorting signals in Ii and class
II molecules and (3) determine the molecular mechanisms
of sorting of these molecules to and retention in endocytic
compartments.

Intracellular transport of class II major
histocompatibility (MHC) molecules and
associated invariant chain (Ii) (J. Pieters,
S. Zachgo & H. Boleti in collaboration with
G. Griffiths & H. Horstmann, EMBL)

core of the signal sequence. The 37 kDa non-glycosylated
protein might be the same as that found cross-linked to
signal-anchor sequences (P37). Our findings demonstrate
that nascent secretory and membrane proteins are in con-
tact with several proteins during their membrane insertion.
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Molecular mechanisms in protein secretion: biogenesis of neurosecretory vesicles

Group leader: W.B. Huttner*

Scientist: H.-H. Gerdes*

Fellows: F. Barr, R. Bauerfeind*, O. Braunling*, E. Chanat*, A. Leyte*, A.-R. LOtcke*, S. Natori*, A. Regnier-Vigouroux*, J. Stinchcombe*

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

Technical assistants: I. Loef*, A. King*, U. WeiB*

Neurons and endocrine cells contain two types of neurose-
cretory vesicles. One type, involved in the storage and
release of neuropeptides and peptide hormones, is the
secretory granules. In neurons, these organelles are also
called large dense core vesicles (LDCVs). The other type,
involved in the storage and release of classical neurotrans-
mitters, is the small synaptic vesicles (SSVs) of neurons. En-
docrine cells contain an SSV equivalent called synaptic-like
microvesicles (SLMVs). We are interested in the biogenesis
of these neurosecretory vesicles, in particular in the sort-
ing processes that occur in the course of their biogenesis
(Huttner, 1991; Huttner & Dotti, 1991; Seethaler & Huttner,
1991 ).

Biogenesis of secretory granules
in neuroendocrine cells

The granins (chromogranins/secretogranins), which are
widespread constituents of endocrine secretory granules
(Huttner et al., 1991 a, 1991 b; Laverriere et al., 1991 ; Scopsi
et al., 1991) and neuronal LDCVs (Kagotani et al., 1991),
have been used as model proteins to study the sorting
of secretory proteins to secretory granules. Hans-Hermann
Gerdes, Eeva Aaku-Saraste, Otto Braunling, Shoichi Na-
tori and Petra Schrotz have been studying the expression
and sorting of endogenous and exogenous (transfected
or vaccinia virus-expressed) granins in various cell types.
Using saponin-perforated membrane vesicles derived from
the trans-Golgi network (TGN) of PC12 cells, Eric Chanat
has shown that the specific lumenal milieu of the TGN
(pH 6.4, 10 mM Ca2+) is sufficient to cause the aggrega-
tion of the granins. This aggregation is selective in that
constitutive secretory markers are excluded from the aggre-
gates. Thus, milieu-induced selective aggregation appears
to be a key step in the sorting of secretory proteins to
secretory granules (Chanat & Huttner, 1991). Eric Chanat
and Jane Stinchcombe have further studied the membrane-
associated form of chromogranin B (secretogranin I) (Pimp-
likar & Huttner, 1992). Membrane-associated chromogranin

B exists not only at the level of secretory granules, but
already earlier in the secretory pathway. This raises the
possibility that the membrane-associated chromogranin B
serves as a linker between the aggregate and the mem-
brane during biogenesis of the secretory granule. Francis
Barr and Anja Leyte, collaborating with Sharon Tooze, have
investigated the previous observation (Tooze & Huttner,
1990; Tooze et al., 1990) that the formation of constitutive
secretory vesicles and immature secretory granules in a
cell-free system requires GTP hydrolysis. Interestingly, a
pertussis toxin-sensitive heterotrimeric G protein on the
TGN membrane, probably Gi3, is involved in this process
(Barr et al., 1991). When activated, this G protein exerts
an inhibitory effect on the formation of both, constitutive
secretory vesicles and immature secretory granules. Torgeir
Flatmark, collaborating with Sharon Tooze, has continued
the functional characterization of the immature secretory
granule, an obligatory organellar intermediate in secretory
granule biogenesis (Tooze et al., 1991). Immature secretory
granules of PC12 cells, which are significantly smaller than
mature secretory granules, possess most of the properties
thought to be characteristic of mature secretory granules,
including the ability to take up and store catecholamines.

Biogenesis of SLMVs in neuroendocrine cells

Synaptophysin, a major integral membrane protein of SSVs,
has been used as a model protein to study the biogenesis
of SLMVs. Anne Regnier-Vigouroux has established the
traffic route of newly synthesized synaptophysin to SLMVs in
PC12 cells (Regnier-Vigouroux et al., 1991). Newly synthe-
sized synaptophysin leaves the TGN in constitutive secre-
tory vesicles and is first delivered to the plasma membrane.
It then undergoes multiple cycles of endocytosis-exocytosis
before being delivered to SLMVs. These observations sug-
gest that SLMVs originate from early endosomes. The rela-
tionship between early endosomes and SLMVs has been
further investigated by Rudi Bauerfeind, Torgeir Flatmark
and Anne Regnier-Vigouroux.
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Tyrosine sulfation

The studies on the biogenesis of neurosecretory vesicles
have been greatly facilitated by the fact that the relevant
marker proteins undergo sulfation in the TGN and thus
can be selectively labelled in this compartment. One form
of sulfation, the sulfation of tyrosine residues, can be of
crucial importance for protein-protein interactions (Leyte et
al., 1991; Huttner et al., 1991 c). Work on the role of protein
tyrosine sulfation in vivo has been pursued in collaboration
with Uli ROther, Christian Vannier and Roland BeiBwanger
have continued their work on the molecular characterization
of tyrosylprotein sulfotransferase.

The group left EMBL on 30 September 1991. Three mem-
bers of the group, i.e. Wieland Huttner, Hans-Hermann
Gerdes and Ursula WeiB, were paid by the University of
Heidelberg as of 1 January 1991.
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Regulation of endosomal membrane interactions

Group leader: J. Gruenberg

Fellows: A. Blocker*, N. Emans, O. Steele-Mortimer

Visitors: F. Aniento*, M. Clague*, J.-P. Gorvel, P. Schrotz*, L. Thomas

Assistants: J. Colemano , C. Walter

Among the different events involved in endocytic membrane
traffic our interests centre on interactions that occur between
endosomes. Using a cell-free assay that measures the
occurrence of endosome fusion, we have reconstituted in
vitro two fusion events; the lateral fusion of early endosomes
and the vectorial delivery to late endosomes. Our goal is
to dissect and compare the molecular machinery that reg-
ulates recognition and fusion in these lateral and vectorial
processes.

Lateral fusion between early endosomal elements

Early endosomes exhibit a striking property to undergo lat-
eral (homotypic) fusion with each other in vitro, suggesting
that in vivo they form a dynamic network of individual ele-
ments connected to each other via fusion and fission events
(Gruenberg & Howell, 1989). Although we have not directly
measured the occurrence of fission, our recent experiments
(with Robert Parton, see report by Gareth Griffiths) suggest
that early endosome fission can occur in vivo. Moreover,
recent studies (Hopkins et al., 1990; Tooze & Hollinshead,
1991) indicate that in some cells, but not in the baby hamster
kidney (BHK) cells that we have studied, early endosomes
form an extensive tubular network. It is attractive to postulate
that these differences in the organization of the compartment
are accompanied by differences in the dynamics of lateral
fusion/fission. Altogether, these observations emphasize the
high plasticity of the early endosomal compartment.

Small GTP-binding protein Rab5 (J.P. Gorvel,
O. Steele-Mortimer, M. Clague, N. Emans & C. Walter)

We have studied some of the mechanisms that regulate the
lateral fusion of early endosomes. In particular, we have
shown that the small GTP-binding protein Rab5, which is
attached to the cytoplasmic face of the membrane by the

addition of an aliphatic chain to a C-terminal Cys, is required
for fusion (with P. Chavrier & M. Zerial). Antibodies against
Rab5 block the fusion reaction and this block is overcome
by a cytosolic form of WT Rab5, but not by a mutant in the
GTP-binding domain, nor by a mutant that cannot attach to
membranes (Gorvel et al., 1991). However, a fundamental
question remains unresolved, namely what is the function
of Rab proteins in general, and Rab5 in particular. A large
number of these proteins have been cloned and shown
to localize to specific compartments (see report by Marino
Zerial and Chavrier et al., 1990). The current idea is that
each protein acts as a targeting signal during a specific step
of membrane transport and that this process is controlled by
a conformational change from the GTP- to the GOP-bound
state (see Bourne et al., 1990).

One of our current efforts is to determine the role of Rab5
in early endosome recognition and fusion by combining
functional assays with biochemical characterization. We are
using a membrane "binding" assay to dissociate functionally
the recognition step from the fusion event itself. Earlyendo-
somes immunoisolated on a solid support provide the "ac-
ceptor" and early endosomes free in suspension the "donor".
After the assay, the acceptor with 00und donor can then be
retrieved, washed and analysed. Whereas these fractions
are highly fusogenic at 37°C, preliminary indications suggest
that at 4°C binding alone is reconstituted. We will now use
this assay to test whether it is the binding or the fusion event
that is Rab5-dependent. Another approach we have taken is
to identify proteins that interact with Rab5, for example after
immuno-precipitation with anti-Rab5 antbodies. We are also
using recombinant Rab5 purified from E.coli, which is par-
tially functional in our fusion assay, to identify molecules that
catalyze GTP-GOP exchange or GTP hydrolysis. Finally,
we have identified a number of polypeptides that may be
components of the recognition-fusion process (see below).
One of our interests is to determine whether any of these
proteins interacts with Rab5.
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Fusion inhibition during mitosis
(L. Thomas, J. Coleman & C. Walter)

We are continuing our efforts to understand the mechanisms
controlling membrane traffic arrest during mitosis. Early en-
dosomal fusion is arrested in mitotic cytosol and this arrest
can be reconstituted in interphase cytosol supplemented
with purified cdc2 kinase (Tuomikoski et al., 1989). We
have now used different cyclins purified after expression in
E.coli to elicit the endogenous kinase activity in interphase
cytosols (sea urchin cyclin B, M. Kirschner; human cyclin A,
M. Pagano & G. Oraetta; bovine cyclin A, T. Hunt). The
cyclin B-elicited kinase inhibited fusion in the range of hi-
stone kinase activity measured in vivo during mitosis or in
vitro after addition of purified cdc2:cyclin B. In this range,
the kinase activity elicited by either cyclin A molecule had
no effect on fusion. These experiments suggest that the
B-kinase is specifically responsible for membrane traffic ar-
rest during mitosis. They also indicate that A- and B-kinase
control different functions in the cell cycle. We also observed
in two-dimensional gels that phosphorylation by the kinase
associated to cyclin A or B is selective. Finally, the first
target of the B-kinase is probably a cytosolic component
that either associates rapidly with endosomal
after phosphorylation, or is itself an enzyme that rapidly acts
on an unidentified endosomal substrate. We are now using
two-dimensional gels after phosphorylation to identify the
target(s) of the cyclin B-kinase.

Vectorial transport to late endosomes
(F. Aniento, N. Emans, A. Blocker & C. Walter)

Our previous studies suggested that transport between pe-
ripheral early endosomes and perinuclear late endosomes is
mediated by endosomal carrier vesicles (ECV) transported
on microtubules (Gruenberg et al., 1989). These ECVs
contain a complex organization of internal membranes (mul-
tivesicular see Gruenberg &Howell, 1989). Our
recent morphological data indicate that these internal mem-
branes are, at least in part, invaginations of the delimiting
membrane (in collaboration with Robert Parton).

In polarized Madin-Oarby canine kidney (MOCK) cells, en-
docytosis proceeds from both the apical and the basolateral
plasma membrane domains. Early endosomes and ECVs
are specific for each pathway, but both pathways meet in a
common late endosome (Bomsel et al., 1989; Parton et al.,
1989). We have previously shown that this meeting process
can be reconstituted in vitro, is stimulated by the presence
of microtubules and requires motor ATPases (Bomsel et
al., 1990). Using fractions prepared from non-polarized BHK
cells, we have now shown that ECVs are fusogenic with late
endosomes in vitro and that this process is also stimulated in
the presence of microtubules and is MAPs-dependent. We
are now using this assay to determine which motor ATPases
are required in non-polarized cells and in polarized cells.

Eletron microscopy studies in collaboration with Heinz
Horstmann and Gareth Griffiths have confirmed that gold-
labelled ECVs can attach to microtubules in vitro (see also
the report of Thomas Kreis). Preliminary studies using differ-
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ential interference contrast microscopy (with Jochen Scheel
& Thomas Kreis) have also indicated that ECVs can move
in vitro on polymerized microtubules. We are now designing
an assay to observe both directional movement of EVCs on
microtubules and subsequent fusion with late endosomes,
using microtubules polymerized on asters in vitro (in collab-
oration with Eric Karsenti). Preliminary experiments indicate
that endosomes can cluster at the centre of the asters in
vitro. Our goal is to combine these morphological obser-
vations with our fusion assay to dissect the biochemical
requirements of this vectorial step of endocytic membrane
transport.

Distribution of endosomal polypeptides
(N. Emans, J.P. Gorvel, P. Schrotz & C. Walter)

We have made use of the protocols we have established for
the fractionation of endosomes to study the distribution of
endosomal polypeptides in high resolution two-dimensional
gels. Briefly, the fractionation protocol combines a flotation
gradient with immuno-isolation using the cytoplasmic do-
main of the spike glycoprotein G of vesicular stomatitis virus
(VSV-G) as antigen (see Gruenberg &Gorvel, 1992; Howell
et al., 1991). With this protocol, early and late endosomal
fractions could be prepared with a yield rv 15°/0 from the
homogenate value, an enrichment factor of rv75-fold, and
with less than 10°10 cross-contamination.

Using cells labelled at steady state with 35S-methionine,
we have analysed the distribution of endosomal polypep-
tides in two-dimensional gels. Early endosomal fractions
contained rv240 specific polypeptides, of which 41 °/0 could
only be detected in early endosomes, 18°/0 were detected
on the plasma membrane (after cell surface biotinylation and
streptavidin-precipitation), and 41 °/0 were common to ECVs
and late endosomes. In contrast, all of the ECVs polypep-
tides could be detected in late endosomes, consistent with
our view that these vesicles have a transient existence
as carrier vesicles. The late endosomal fraction, however,
contained approximately 240 polypeptides, and a significant
fraction of those was not detected in early endosomes, nor
in ECVs. Although it is still not established whether early
and late endosomes are stable compartments or whether
endosomes undergo a maturation process, we believe that
our observations are more consistent with the former than
with the latter model (see Griffiths &Gruenberg, 1991).

Transfer of early endosomal polypeptides in vitro
(J.P. Gorvel, N. Emans & C. Walter)

Having established the distribution of early endosomal
polypeptides, we subsequently studied how these polypep-
tides were transferred between early endosomes during lat-
eral fusion. In these experiments, the acceptor fraction was
immunoisolated as above from unlabelled cells. The donor
fraction was prepared from metabolically-labelled cells and
recovered from the gradient. Both fractions were mixed
in vitro under the conditions of our fusion assay in the
presence of unlabelled cytosol. If fusion occurred, the 35S_
labelled polypeptides were transferred to the immunoiso-



lated membranes, which could then be retrieved, washed
and analysed in two-dimensional gels. This in vitro transfer
assay fulfilled all the criteria that we had established for
early endosome fusion. In particular, it was abolished in the
presence of low concentrations of GTP)'S and was inhibited
by antibodies against Rab5.

Analysis of the transferred polypeptides revealed that es-
sentiailly all early endosomal polypeptides could be trans-
ferred in vitro, in good agreement with our proposal that
early endosomal elements undergo lateral fusion with each
other. We then reasoned that the molecular machinery of
recognition/fusion may not be equally distributed over the
entire early endosomal membrane: after mechanical frag-
mentation, only a sub-population of vesicles might remain
fusogenic. The donor fraction was briefly sonicated, gen-
erating a homogenous population of vesicles of rv100 nm
diameter, and then used in the transfer assay. Following
this treatment, the number of transferred polypeptides was
dramatically reduced to 43 (rv 20% of the total early endo-
somal polypeptides). More importantly only a small sub-set
of these 43 polypeptides « 10) were transferred with the
same efficiency as in the absence of fragmentation, and
were all early endosome-specific. That a sub-population of
polypeptides was transferred with the same efficiency as
without sonication suggests that these were present in a
sub-population of the sonicated vesicles. Our working model
now is, therefore, that the membrane of early endosomes
may, in fact, be organized in different functional domains,
presumably involved in different ·steps of membrane trans-
port.

Since only a few polypeptides were transferred with high
efficiency after sonication, these are likely candidates for
being components of the recognition/fusion machinery itself,
suggesting that the number of interesting candidates has
been reduced by this analysis from 240 to <10. We are
now characterizing these polypeptides, and in particular we
are using different chromatographic conditions to determine
whether some of these polypeptides copurify, an indication
that they may be present as a complex of proteins in the
membrane. Clearly, we will also try to obtain amino-acid se-
quence information and, eventually, to clone these proteins.
Our final goal is to combine these different approaches to
identify the different membrane components of the recogni-
tion/fusion machinery.
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In higher eukaryotic cells, the mannose-6-phosphate re-
ceptors (MPRs) are essential components of the target-
ing system that delivers lysosomal enzymes to lysosomes
(Kornfeld &Mellman, 1989). Two related MPRs have been
characterized in many mammalian cells. The first MPR has
a dual function in binding mannose-6-phosphate "(Man6-P)
containing ligands and insulin-like growth factor II (IGF-II).
The second MPR only binds Man6-P containing ligands. The
biological function of having two MPRs that show apparently
similar targeting properties is an important unresolved ques-
tion.

The MPRs are distributed over several intracellular compart-
ments. Receptors in the trans-Golgi network (TGN) mediate
sorting of lysosomal enzymes from secretory proteins. Re-
ceptors on the plasma membrane function in endocytosis of
extracellular ligands. The bulk of the MPRs reside in early
and late endosomes (Griffiths et al., 1988), which are the
compartments where the receptors release their ligands.
The MPRs are in rapid equilibrium between these different
intracellular compartments. While the precise routes taken
by the MPRs within the cell are still a matter of debate, it is
clear that some crucial steps in their routing require specific
determinants contained in their cytoplasmic domains. The
cytoplasmic determinants of both receptors interact with
specific cellular sorting components, some of which involve
formation of clathrin-coated vesicles.

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

Function of the cation dependent-MPR in
lysosomal enzyme targeting (T. Ludwig)

Studies on the function of the cation independent (Cl)-MPR
have been greatly facilitated by the use of cells lacking this
receptor. Expression of the CI-MPR in these cells indicate
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that this receptor is involved in intracellular retention of
lysosomal enzymes (Lobel et al., 1989). Studies on the
function of the cation dependent (CD)-MPR in lysosomal
enzyme trafficking have been limited by the lack of cells
devoid of this receptor. So far, massive over-expression of
the CD-MPR in different cell systems has suggested that
this receptor is involved in both intracellular retention and
secretion of lysosomal enzymes.

As a prelude to establishing unambigously the biological
function of the CD-MPR, we first cloned mouse CD-MPR
cDNAs which were then used as probes to screen mouse
genomic DNA libraries. Sequencing of the genomic clones
indicated that the gene encoding the mouse CD-MPR is
composed of seven exons spaced over 10 kb of the mouse
genome. Analysis of the promotor region indicated that it
is an housekeeping gene as expected for a protein con-
stitutively expressed. However, we believe that expression
of this gene can be regulated. During the cloning of the
mouse CD-MPR gene, we also characterized an intronless
pseudogene (retroposon). Conceptual translation predicts
that this pseudogene would encode a soluble receptor but
we suspect that it is not transcribed in vivo. This pseudo-
gene exhibits two unusual features. It contains an additional
exon correctly spliced which is not found in the cDNAs
but is present in the gene and an extended 5' sequence
which is homologous to the promotor region of the gene
and has some promotor activity, at least in vitro. Since
this pseudogene probably arises flom a reverse transcribed
mRNA, its structure would suggest that the CD-MPR gene
can be regulated by alternate splicing and use of additional
promotor elements. We are currently investigating these
possibilities.

These genomic DNAs have been used to disrupt the CD-
MPR gene by homologous recombination in embryonic stem
cells. These studies are carried out in collaboration with Ul-
rich ROther and Catherine Ovitt (EMBL). Targeted cells have
been used for blastocyst injection to generate chimaeric
mice with germline transmission. We expect to obtain in
the near future mice devoid of the CD-MPR. This should
allow us to determine the precise function of this receptor in
lysosomal enzyme trafficking in particular in their potential



"regulated" secretion. Secretion of lysosomal enzymes is an
important biological process involved for example in bone
formation or in tissue remodelling during development. This
should also provide new systems to explore the possible
implication of this receptor in other important biological
processes in which lysosomal enzymes are involved, such
as antigen processing.

Sorting signals in the MPRs
(M. Fusek, F. Mauxion)

To be routed properly within the cell, the receptors contain
multiple signals that mediate their departure from and arrival
at the Golgi, plasma membrane, and endosomes. Exper-
iments using transfection of normal and mutant receptors
into cultured cells have begun to reveal functional determi-
nants that are involved in endocytosis of the MPRs (Lobel
et al., 1989). Those responsible for their sorting in the TGN
or in endosomes remain, however to be defined. We focus
our efforts on the CD-MPR. Since no cell-line devoid of this
receptor has been characterized so far, we have constructed
chimaeric proteins consisting of the luminal and transmem-
brane domain of the haemagglutinin of the influenza virus
and the cytoplasmic tail of this receptor. This 'chimaeric
protein can easily be distinguished from endogenous CD-
MPRs. When transiently expressed into cells, the chimaeric
protein behaves like the endogenous receptor indicating
that the cytoplasmic domain of the CD-MPR contains all
the information necessary for its 'transport and can interact
with sorting machineries. When massively over-expressed
into the secretory pathway of cultured cells, this chimaeric
protein is able to saturate the sorting machinery of the Golgi
and thereby to divert the endogenous MPRs and their bound
ligand to the default secretory pathway. We are using this as
an assay to define the nature of the determinants involved in
a single step of transport, Le. sorting from the TGN. Studies
are now in progress. Our preliminary results indicate that
the 10 last amino-acids of the CD-MPR cytoplasmic domain
contain determinants important for efficient transport of this
receptor between the TGN and endosomes.

Components of the sorting machinery
(S. Meresse &A. Schmidt)

Departure of the MPRs from either the TGN or the plasma
membrane involves the formation of clathrin-coated vesi-
cles. In vitro experiments have indicated that specific
clathrin-associated proteins (or adaptors) may catalyze re-
cruitment of the CI-MPR into clathrin-coated vesicles by
interactions with its cytoplasmic domain (Glickman et al.,
1989). Similar interations may be involved in the rout-
ing of the CD-MPR. Golgi- and plasma membrane-derived
clathrin-coated vesicles contain different subsets of adaptors
(HAl and HAil), both of which are made of 4 different sub-
units. It is still unclear which subunit mediates interactions
with the receptor tails and how each subset of adaptors can
interact specifically with the MPRs present in given compart-
ments. Finally, the regulation of these interactions remains
to be established. We have described a casein kinase
type II activity that has a very high affinity for the CI-MPR

cytoplasmic tail (Kmrv50-1 00 nM) and is tightly associated
with the Golgi specific HAl adaptor complex (Meresse et al.,
1990). We believe that this kinase is the 47 kDa subunit of
this complex. This kinase is able to phosphorylate serine
residues present in clusters of highly conserved, charged
amino-acids which are suspected to be crucial for the se-
questration of the CI-MPR into Golgi-derived clathrin-coated
vesicles. Labelling of cells with radioactive tracers indicated
that the CI-MPR is also phosphorylated on the same sites
in vivo. Labelling of cells followed by cellular fractionation
has also revealed that the phosphorylated receptor is mostly
found in early endosomal elements. Various pulse-chase
experiments followed by detailed analyses of the receptor
strongly suggest that this post-translational modification is
acquired during transport of the CI-MPR between Golgi and
endosomes. We could not detect similar modifications on the
cytoplasmic domain of the CI-MPR during its endocytosis.
Similar studies on the CD-MPR are underway. We do not
know yet the precise function of the kinase. It is possible
that this post-translational modification is used to turn off
the signal required for exit of the CI-MPR from the TGN.
In this case, the phosphorylation site would be part of this
sorting signal. Alternatively, this post-translational modifica-
tion could be necessary for the next steps of transport of
this receptor. We are currently investigating these different
possibilities using site-directed mutagenesis of the MPR
tails. The other approach we have taken is to clone cDNAs
encoding for the 47 kDa kinase. The protein was purified
to homogeneity and peptide sequences were obtained. We
have isolated several partial cDNA clones and the cloning is
in progress. When we have obtained full cDNA clones, we
will express dominant mutants into cells to investigate the
role of this protein in the trafficking of the MPRs.
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CLIP-170 is found on interphase and mitotic microtubules
by immunofluorescence. Its distribution is patchy, and it
accumulates at the plus ends of a subclass of microtubules.
It colocalizes partially with endocytosed transferrin receptor
suggesting that it is associated with endosomes (Pierre
et al., 1992). Furthermore, the protein is associated with
regions of cell-cell contacts, the desmosomal plaques, in
Madin-Oarby canine kidney (MOCK) cells grown to conflu-
ency (Wacker et al., 1992).

170 from microtubules, whereas dephosphorylation induces
rebinding. Two repeats containing the tubulin binding region
have been characterized in the N-terminal domain of CLIP-
170 (Plate 3). They are followed by clusters of serines.
Since CLIP-170 is exclusively phosphorylated on serine,
phosphorylation of serines in these clusters may regulate
its microtubule binding.

The predicted structure of CLlP-170 shows three domains. The
basic N-terminal domain with the predicted microtubule binding
region and the acidic C-terminal domain with a putative metal
binding site are connected by a long central segment containing
numerous heptad repeats. The microtubule binding repeats are
flanked by clusters of serines (S). Phosphorylation of these serines
may regulate the binding of CLIP-170 to microtubules.

Intracellular membrane traffic depends on microtubules and
cytoplasmic, organelle associated scaffolds. The network of
microtubules is involved both in the coordinated spatial ar-
rangement of some of these organelles, and it also provides
the tracks for various forms of movement. Membrane asso-
ciated proteins (receptors), on the other hand, are probably
involved in interactions of the organelles with microtubules
via specific cytoplasmic linker proteins (CLIPs). These re-
ceptors for the CLIPs may interact or be part of an organelle
associated exoskeleton which regulates budding and fusion
events.

(1) We have continued our efforts to identify candidates for
such proteins by immunological methods.

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

(3) We have applied fluorescence vital staining procedures
and video-microscopy for monitoring and quantifying
the movement and dynamic properties of specific cy-
toplasmic organelles in living cells (Hung Leo et al.,
1992). We can now use living cells as "test tubes"
for measuring effects of, for example, microinjected
antibodies on these parameters of membrane traffic.

Our goal is to identify and characterize proteins involved in
intracellular membrane traffic. Our experimental approach
towards this goal has been threefold.

Cytoplasmic linker proteins

We have cloned and sequenced a novel microtubule binding
protein (MBP) of Mr 170,000 (CLIP-170) from HeLa cells
(Pierre et al., 1992). The structure of this protein can be
divided into three domains, two probably globular domains
at the N- and C-termini connected by a long a-helical
segment containing heptad repeats. Since in its native form
CLIP-170 is a dimer, we assume that this segment forms
a coiled-coil. Binding of CLIP-170 to tubulin polymer is
regulated by phosphorylation, probably by a kinase which is
present in the MBP fraction. Phosphorylation releases CLIP-
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We have tested the role of Cl1P-170 in an in vitro bind-
ing assay which measures cytosol-dependent binding of
endocytic carrier vesicles (ECV; Gruenberg et al., 1989)
to microtubules coupled to magnetic beads. Depletion of
Hela cytosol of the two microtubule-based motor proteins,
kinesin and cytoplasmic dynein, has no effect in this assay.
Depletion of Cl1P-170 from cytosol, however, removes the
binding activity. Addition of immunoisolated Cl1P-170 to this
depleted cytosol restores binding activity, suggesting that
this protein is indeed involved in linking ECV to microtubules
(Pierre et al., 1992). We are currently generating Cl1P-170
mutant proteins to corroborate this finding in vitro and in
vivo. Binding of ECV to microtubules also depends on mem-
brane associated proteins. We are therefore trying to identify
the ECV membrane associated receptor for CliP-170.

We have continued to use a sedimentation assay for
identifying cytosolic factors that mediate co-sedimentation
of trans-Golgi network-derived carrier vesicles (TGV) with
polymerized tubulin (Van der Sluijs et al., 1990). Similarly to
ECV, binding of these vesicles to microtubules depends on
membrane associated proteins and on cytoplasmic factors,
but not on the microtubule-based motor proteins. We have
obtained two separate cytoplasmic fractions which both
mediate interaction of TGV with microtubules. From one of
these fractions we have purified a 60 kDa protein (ClIP-60)
which mediates co-sedimentation of TGV with microtubules.
We are currently trying to clone and sequence this protein.
Furthermore, we will analyze the second active fraction and
try to identify the other proteins which also mediate binding
of carrier vesicles to microtubules. It will be interesting to
see whether these two factors mediate selective binding of
apically and basolaterally targeted TGV to microtubules.

Elements of the Golgi complex also bind to microtubules
via membrane associated proteins and cytoplasmic fac-
tors, other than the microtubule-based motors (Karecla &
Kreis, 1992). Furthermore, binding of Golgi elements to
microtubules on magnetic beads depends on proteins dif-
ferent from those mediating binding of ECV or TGV to
microtubules. We will use the binding assay to identify and
characterize the proteins involved.

Goigi complex associated proteins

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

We have characterized ,B-COP, a protein of Mr 110,000
associated with the cytoplasmic face of the Golgi complex,

using a monoclonal antibody (M3A5; Allan & Kreis, 1986).
,B-COP is associated with nonclathrin coated vesicles and
the Golgi complex, and it shows homology to ,B'-adaptin, a
component of the Golgi complex associated clathrin adaptor
complex HA1. ,B-COP is present in a membrane bound
form and in a cytosolic protein complex of 13-14S, with a
Stokes radius of rv10 nm and an estimated Mr of rv550,000.
This complex has been immunoprecipitated in a native
form with antibodies against ,B-COP. It is composed of
proteins which are similar in molecular weight to those of the
HA1 complex. We are in the process of characterizing the
other COP-complex associated proteins to test in detail the
hypothesis that these two complexes may be homologous.
A homology of the COP- and HA1-complex would further
suggest homologous functions of these proteins, i.e. indicate
that the COPs are directly involved in membrane traffic
through the Golgi complex.

The distribution of ,B-COP changes dramatically upon treat-
ment of cells with the fungal metabolite brefeldin A. It disso-
ciates from the Golgi complex within 30-60 sec (Donaldson
et al., 1990), preceding all other morphological changes in
this organelle induced by the drug. Thus, it is also possi-
ble that ,B-COP plays an important role in maintaining the
structural integrity of the Golgi complex. We have generated
a battery of antibodies directed against specific epitopes on
,B-COP. These antibodies are being used to test the function
of ,B-COP in in vitro membrane transport assays and directly
in vivo by microinjection into cells.

The role of subsets of microtubules
in intracellular membrane traffic

Microtubules playa key role in the spatial organization and
movement of cytoplasmic organelles (Kreis, 1990). Subsets
of stabilized interphase microtubules seem to be involved
in the translocation or positioning of specific cytoplasmic
organelles (Matteoni & Kreis, 1987; Ho et al., 1989). We
have therefore begun to identify factors that may regulate
the dynamic properties of microtubules.

We have shown by microinjection of rhodamine-labelled
tubulin and fluorescence recovery after photobleaching that
establishment of cell-cell contacts leads to microtubule sta-
bilization in epithelial MDCK cells, but not in Vero fibroblasts
(Pepperkok et al., 1990). Thus, epithelial cells, in con-
trast to fibroblasts, appear to microtubule stabilizing
factors as they establish cell-cell contacts. Interestingly,
Cl1P-170 accumulates in. desmosomal plaques in conflu-
ent MDCK cells (Wacker et al., 1992). We are currently
investigating whether and how binding of microtubules to
desmosomes via Cl1P-170 leads to stabilization of micro-
tubules.

The subclass of microtubules containing predominantly de-
tyrosinated tubulin (Kreis, 1987) seems not to be essential
for intracellular movement of organelles (Matteoni & Kreis,
1987; Ho et al., 1989). Other factors (e.g. MBPs), however,
which bind to the tubulin polymer may therefore be involved
in defining subsets of microtubules. We are continuing our
efforts towards identifying novel MBPs.
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In interphase, microtubules form a more or less dynamic
network of fibres, usually originating at the centrosome, but
not always. They playa role in intracellular movement and
positioning of organelles (mitochondria, Golgi apparatus,
cytoplasmic vesicles). When the cell enters mitosis, the
interphase network disappears and microtubules start to
assemble the mitotic spindle. The function of this mitotic
apparatus is to segregate without failure the chromosomes
among the two daughter cells. Therefore, one important
function for microtubules seems to be, in interphase as well
as in mitosis, to guide and orient intracellular movements.
In turn, the spatial organization' of microtubules in the cell
is determined by various internal and external signals. Our
goal is to identify such signals and study the structures and
molecules that in response to these signals affect globally,
or locally, microtubule nucleation dynamics and organization
in the cell.

The research carried out in the group this year has contin-
ued on the study of centrosome duplication and nucleating
activity, but a large fraction of our effort has been devoted to
the study of the temporal control of cdc2 kinase, the regula-
tion of microtubule nucleation, dynamics and organization
during prophase and metaphase using cell-free extracts
prepared from Xenopus eggs. The study of microtubule
dynamics has involved the use of video enhanced fluores-
cence microscopy, a methodology recently introduced at
EMBL.

Regulation of centrosome
duplication in vitro

The centrosome of metazoan cells is composed of two
centrioles. Each centriole is a cylinder made of 9 microtubule
triplets, 0.2 J-lm in diameter, and surrounded by a fibrogranu-
lar material which nucleates microtubules. A procedure has
been developed to isolate these organelles which are now
available as an almost homogeneous preparation (Bornens
et al., 1987). This procedure has been adapted to the
isolation of large quantities of centrosomes from calf thymus
(Komesli et al., 1989).

In the past years, we have shown that centrosomes purified
from human lymphoid cells could nucleate microtubules and

duplicate when injected into Xenopus eggs. Moreover, we
showed that in vivo, the three-dimensional protein structure
of the centriole appears to be important for its duplication
(Klotz et al., 1990). Centrosomes duplicate in three steps
(budding, separation and disorientation) that are correlated
with specific stages of the cell cycle. This must be controlled
by cell cycle signals. To approach the question of centro-
some duplication in molecular terms, we needed to develop
an in vitro system in which the basic reactions of the cell
cycle would take place and where centrioles could duplicate
in the test tube. We have developed cell-free extracts from
Xenopus eggs (see below) in which added human centrioles
duplicate at least once (Tournier et al., 1991 a). Apparently,
initiation of duplication occurs in S-phase extracts. This
provides a unique tool to study the role of cell cycle sig-
nals in centrosome duplication. Moreover, centrosomes iso-
lated from calf thymus that do not induce parthenogenesis
when injected into frog eggs (Tournier et al., 1991 b) do
not duplicate in the in vitro assay (Tournier et al., 1991 a).
This is interesting because these centrosomes have an
abnormal structure (Komesli et al., 1989). The group of
Stephen Fuller is developing methods to reconstruct the
three-dimensional organization of centrosomes observed by
electron microscopy in vitrified water. In the long run this
should help to unravel the structural mechanism involved in
centrosome duplication.

The cell cycle in cell-free extracts
of Xenopus eggs

Xenopus eggs are laid arrested at metaphase II of meiosis.
Following fertilization or artificial activation, the egg enters
a series of rapid cell cycles alternating between S-phase
and metaphase every 30 min. During each metaphase, the
overall level of protein phosphorylation increases because a
specific kinase is activated (Dabauvalle et al., 1988; Karsenti
et al., 1987). The catalytic subunit of this histone H1 kinase
is a 34 kDa protein which is homologous to the yeast cdc2+
cell cycle gene product.

We have prepared cell-free extracts from activated Xenopus
eggs in which the histone kinase activity oscillates with the
same period and amplitude as in vivo. The histone kinase
activity of p34-cdc2 is regulated by dephosphorylation on
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Thr and Tyr residues (Nurse, 1990; Clarke, 1991). Using our
in vitro system, we have shown that the Thr-phosphatase
involved in cdc2 kinase activation is distinct from type 1, 2A,
28 and 2C phosphatases (Felix et a/., 1990a). Apparently, a
new Ser-, Thr-phosphatase (Felix et a/., 1990a) as well as a
Tyr-phosphatase (Gould & Nurse, 1989) must be involved in
the activation of cdc2-kinase. This phosphatase seems to be
the product of the cdc25 gene of S.pombe. However, initia-
tion of cdc2-kinase activation by dephosphorylation begins
only when the cyclin level in the cell reaches a threshold.
This threshold is set by a type 2A phosphatase (Felix et
a/., 1990a; Solomon et a/., 1990). This raises the possibility
that the length of G2 is determined by a network of ki-
nases and phosphatases damped by a type 2A phosphatase
(Karsenti et a/., 1991). Cyclin is synthesized continuously
and periodically degraded concomitantly with inactivation of
the kinase. The signal that triggers cyclin degradation is
given by a threshold level of cdc2-kinase activity (Felix et a/.,
1990b). Cdc2-kinase activation by cyclin 8 as well as cyclin
degradation require some particulate material and in fact,
the cyclin-cdc2 complex is associated with insoluble material
under physiological conditions (only the cyclin-associated
cdc2 is insoluble and modified during the cell cycle). A large
fraction of the eyclin 8-cdc2 complex is associated with the
60S subunit of the ribosomes in our extracts (Leiss et a/.,
submitted).

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

Differential regulation of cdc2-kinase
by cyclin A and cyclin B

80th in the early embryonic cell cycle and in tissue culture
cells, different cyclin molecules are accumulated and de-
graded periodically. In particular during S-G2 prophase and
metaphase, two types of cyclins (A and 8) are synthesized
and degraded with slightly different kinetics (8uendia et a/.,
1991). The histone H1 kinase activity associated with A-type
cyclins increases early in the cell cycle (during S phase), re-
mains high during prophase and disappears in metaphase.
The kinase activity associated with cyclin 8 remains low
in S-prophase and increases abruptly during metaphase.
Inactivation is concomitant with exit from metaphase. In
tissue culture cells, two catalytic subunits are associated
with cyclin A: a major one is a homolog of cdc2 (called cdk2
for cyclin-dependent kinase-2) and a minor component is
cdc2 proper (Pagano et a/., 1992). In Xenopus eggs, the
major catalytic subunit associated with cyclin A is cdc2. We
have shown that cdc2 is not phosphorylated on tyrosin upon
binding to cyclin A. Also, there is no lag phase between the
association of cdc2 to cyclin A and activation of the histone
H1 kinase activity of cdc2. This suggests that, at least in
Xenopus eggs, the kinase activity associated with cyclin A
increases before that associated with cyclin 8 because there
is no inhibitory tyrosine phosphorylation on the cdc2 subunit
that binds to cyclin A (Clarke et a/., in press). Therefore, the
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cyclin A-cdc2 complex can perform functions during Sand
prophase while the cyclin 8-cdc2 kinase complex is kept
inactive by phosphorylation of cdc2 in the ATP binding site
on Tyr 15. This is the first example of the specific regulation
of a kinase catalytic subunit by two closely related regulatory
subunits that target the catalytic subunit for differential phos-
phorylation. This is also an amazing example of temporal
control of an enzyme by regulatory subunits. What is still
very unclear is how the timing of dephosphorylation and
activation of cdc2 molecules associated with cyclin 8 is set,
whether cyclin A kinase is involved in this process and how.

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

/n vivo, during interphase, microtubules have a half life of
about 10 min and can reach 40-60 J1m in length. During
prophase, the nucleating activity of centrosomes increases,
microtubules shorten somewhat and become slightly more
dynamic. In the mitotic spindle, microtubules have a half life
of about 1 min and do not exceed 6-7 J1m in a half spindle.
We have reproduced these. conditions in vitro by adding
purified centrosomes to interphasic and mitotic Xenopus
egg extracts. Moreover, the addition of cdc2-kinase purified
from starfish oocytes to interphasic Xenopus egg extracts in-
duces the interphase-metaphase conversion of microtubule
dynamics (Verde et a/., 1990). The activation of cdc2 kinase
by addition of cyclin 8 to interphase egg extracts has the
same effect (8elmont et a/., 1990). However, when cdc2
kinase is activated by cyclin A, the effect is different. Micro-
tubules do not shorten although they become slightly more
dynamic as in a prophase cytoplasm. We have examined the
dynamical properties of centrosome-nucleated microtubules
in interphase, cyclin A and cyclin 8 treated extracts by fluo-
rescence video microscopy. In all extracts, the end of indi-
vidual microtubules are rarely, if ever, stationary. They grow,
shrink or alternate with a certain frequency from the phase of
growth to shrinkage (catastrophe) and shrinkage to growth
(rescue). The cyclin 8 kinase increases the catastrophe
frequency 5-10-fold and decreases the rescue frequency
observed in interphase extracts. The cyclin A kinase does
not increase the catastrophe frequency but decreases the
rescue frequency as cyclin 8 does. The apparent steady
state length of centrosome-nucleated microtubules in cyclin
A and cyclin 8 treated extracts is determined by the ratio be-
tween the values of the different parameters of microtubule
dynamic instability (Verde et a/., 3ubmitted). Therefore, we
think that the change in microtubule length and organization
that takes place in prophase and then in metaphase is
determined by the successive activation of cyclin A and
cyclin 8 kinases. The short steady state size of microtubules
in the presence of cyclin 8-dependent kinase is due to the
increased frequency of catastrophes at microtubule ends.
We have shown that this is due to the activation of a factor
that actively increases the catastrophe frequency during
mitosis (Faruki et a/., 1992). We want to characterize this
factor.

Two other important aspects of mitotic spindle assembly
deal with the changes in the microtubule nucleating activ-
ity of centrosomes and the role of mitotic motors. There



is a strong indication that only one form of cdc2 kinase
can increase the nucleating activity of centrosomes: the
form associated with cyclin A (Buendia et al., 1992). Con-
cerning mitotic motors, we have shown that cytoplasmic
dynein and kinesin are present in frog egg extracts from
which they can be purified. Neither molecule seems to
be highly phosphorylated in our extracts either in inter-
phase or in mitosis. Low taxol concentrations induce the
assembly of short microtubules in mitotic extracts. With
time, these microtubules reorganize into asters contain-
ing in their centre centrosomal material (Buendia et al.,
1990). The formation of such asters requires the partici-
pation of cytoplasmic dynein, suggesting that microtubule
sliding is involved in this process (Verde et al., 1991).
This has important implications for our way of thinking
about spindle pole assembly (Karsenti, 1991). Throughout
this work, interactions with the group of Giulio Draetta
in the Differentiation Programme has been extremely im-
portant both due to the exchange of material and to
very stimulating discussions. The group of Ernst Stelzer
has been very helpful for experiments using video mi-
croscopy.
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The compartments of the biosynthetic and endocytic pathways

Group leader: G. Griffiths

Scientist: R. Parton

Fellows: M. Desjardins*, M. Schmelz, B. Sodeik

Assistants: M. Ericsson, H. Horstmann

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

Vaccinia virus, the prototype of the Poxviridae which are
considered to be the most complex of all animal viruses,
contains a genome that can code for more than 250 dif-
ferent polypeptides. Closely related to the causative agent
of smallpox, vaccinia is of great interest for a number of
reasons. First, since it is a DNA virus that replicates in
the cytoplasm, it has become a powerful model to study
DNA replication and transcription. Second, because of the
ease with which foreign genes can be inserted into the viral
genome and, via infection, expressed in tissue culture cells,
it has become a popular expression system. Despite the
enormous amount of literature on vaccinia virus, very little is
known about the cytoplasmic events leading to its assembly
and release by infected cells. In fact, an interesting model
has developed with respect to the acquisition of the first
of the viral membranes, namely that it originates from new
membrane synthesis by virally-encoded enzymes (Dales &
Pogo, 1981). This model is problematic for two reasons.
First, if true, it would be the first example of de novo
synthesis of membrane rather than the more commonly
accepted idea that membranes are always synthesized on
pre-existing membrane templates. Second, upon critical ex-
amination the actual published evidence in support of de
novo synthesis rests solely on weak electron microscopic
data from the early 1970's.

By analogy to the budding of other membrane viruses such
as the well-characterized Semliki Forest virus (SFV) and
vesicular stomatitis virus (VSV), we started the vaccinia
virus project with the working hypothesis that the virus
acquires its membranes from the bilayers of a pre-existing
host cell compartment(s). The hypothesis further postulates
that the cell compartment(s) would acquire a key, newly
synthesized vaccinia membrane protein(s). Thus, as for
other animal membrane viruses, these hypothetical proteins
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would determine the site of viral budding. We have analysed
vaccinia virus infection in a variety of tissue culture cells,
primarily baby hamster kidney (BHK), HeLa and RK13. Sub-
sequently, a whole range of established markers for cellular
compartments of the exocytic and endocytic pathway were
matched by immunocytochemistry at the light- and electron
microscopic levels with a spectrum of antibodies against
characterized viral proteins that were kindly provided by
many groups. The antibodies included one against a 62 kDa
cytoplasmic protein (from Drs. B. Moss & R. Doms, NIH,
Bethesda) that is presumably involved in the assembly of
vaccinia virus and appears to interact with the antibiotic
rifampicin, which is well known to block selectively and
reversibly the first "budding" event. P62 was localized to
the vaccinia crescents as well as to the immature virus (IV).
Antibodies against a 14 kDa peripheral membrane protein
(from Dr. M. Esteban, SUNY, New York) were localized to
the second viral membrane, while an antibody against the
85 kDa vaccinia virus haemagglutinin (from Dr. H. Shida, Ky-
oto University) localized to the third and fourth membranes
of intracellular enveloped virions (lEV) as well as to the third
membrane of the extracellular enveloped virus (EEV; see
Plate 4 for a summary of these localizations).

Overall, our data suggest that the first two membranes of
vaccinia originate from the intermediate compartment that is
located between the rough endoplasmic reticulum and the
Golgi complex (also referred to as "salvage" compartment).
The main evidence for this model rests on co-localization
of the viral DNA and VV-p62 with three different markers
of the intermediate compartment. First, a 53 kDa protein of
Schweizer et al. (1988; in collaboration with Dr. Hans-Peter
Hauri, Biocentre, Basel), second the coronavirus E1 protein
expressed using the vaccinia virus itself (in collaboration
with Dr. Carolyn Machamer, Johns Hopkins University, Bal-
timore), and third the recently characterized small GTP-
binding protein Rab2 that had been previously localized to
the intermediate compartment (antibodies provided by M.
Zerial; Chavrier et al., 1990).



PLATE 4

Schematic model of the enveloping of vaccinia virus

The crescent represents the first envelopment of vaccinia virus from
membranes continous with the intermediate compartment (I.e.;
arrowheads). The p62 is indicated on the crescent and on the
immature virus (IV) by open circles. The morphologically distinct
spicules of the IV are indicated as lines inthe outer membrane. They
disappear as the virus matures to form the two-membraned intracel-

lular naked virus (INV). The INV acquires p14 on its outer surface, a
prerequisite for the second envelopment by a haemagglutinin (VV-
HA) and VV-p37-containing cisternae to form the four-membraned
intracellular enveloped virus (lEV). The latter is believed to fuse with
the plasma membrane releasing the three-membraned extracellular
enveloped virus (EEV) into the medium.

/lAI 37kDcJ14 kDa

I

I.C.I.C.

CRESCENT IV INV lEV EEY
Our current model for the biogenesis of the vaccinia is
that the nucleocapsid becomes engulfed by a cisternal
(two membraned) structure that originates from, and is
continuous with, the intermediate compartment. Following
this first envelopment or "budding" p14 binds peripherally
to some, as yet unidentified, vaccinia membrane protein.
Using a recombinant vaccinia virus which expresses p14
under an inducible promotor it has recently been shown
that the p14 is not necessary for the formation of infectious
intracellular naked virions (INV) but for the acquisition of
the third and fourth enveloping membranes (Rodriguez &
Smith, 1990). The membranes of this cisterna label with
lectins such as ricin which indicates that they are derived
from a late Golgi or post Golgi compartment. At least a
sub-set of these cisternae can be labelled. with endocytic
markers such as SSA gold added to the culture medium for
30 min at 37°C prior to fixation. Further characterization of
this second envelopment, which can be blocked selectively
by the drug IMCSH, will be done by a combination of
morphological and biochemical approaches. For the latter
simple methods of purifying INV and EEV on sucrose or
cesium chloride gradients are available (in collaboration
with Dr. R. Doms). The latter was used to purify INV and
EEV for phospholipid analysis of these two viral forms after
p32 labelling from infected cells (in collaboration with Dr.
R. Doms and the group of Dr. G. van Meer, University of
Utrecht). The results are consistent with our model: the INV
has a phospholipid composition expected for a late ER/early
Golgi compartment while the composition of the EEV is more
like late Golgilplasma membrane.

we are attempting to define the precise boundaries of this
compartment using a number of markers.

With respect to the boundary between the ER and the Golgi
complex and to the number of vesicular steps involved in
the biosynthetic pathway we have also focused on well
characterized temperature blocks, in conjunction with the
temperature-sensitive mutant of VSV (in collaboration with
the group of Thomas Kreis). These studies have established
that the Golgi-associated non-clathrin coat protein j3-COP is
a constituent of at least two distinct vesicular steps. First, at
15°C the G protein of VSV can be co-localized with j3-COP
in the intermediate compartment, directly adjacent to the
Golgi complex, in coated vesicular buds that accumulate
under this condition. At 20°C the same result is obtained at
the exit site of the Golgi complex, the trans-Golgi network
(TGN).

The endocytic pathway in non-polarized cells
(M. Desjardins, H. Horstmann & G. Griffiths)

We have continued our long-standing interest in the endo-
cytic pathway of non-polarized cells in collaboration with the
groups of Jean Gruenberg and I:jernard Hoflack. Our data
now argue for the existence of four distinct structures after
the initial clathrin coated vesicle step that is responsible for
internalizing ligands, receptors and fluid. These are the early
endosome, the endosome carrier vesicle, the prelysosomal
compartment (PLC/late endosome) and the lysosome.

We have studied a large number of markers for the inter-
mediate compartment both in control and vaccinia infected
cells. Collectively, these data argue that the intermediate
compartment is in direct continuity with the membranes of
the rough ER and those of the first Golgi cisterna, rather
than being an organelle which is structurally distinct from the
rough ER and the Golgi complex. However, the organization
of the intermediate compartment is extremely complex and

In the past few months Michel Desjardins has focused on
the relationship between the PLC and the Iysosomes. Many
of our previous results from work with different cells types
have argued for some kind of dynamic relationship between
these two compartments, both of which have a low pH
and are rich in lysosomal enzymes and in lysosomal mem-
brane glycoproteins. The major difference between these
two compartments is that the PLC is much more complex
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PLATE 5

Cryosections of Hela cells infected with vaccinia for 8 h or
19 h (e)

(a) The first envelopment of vaccinia virus by cellular membranes
(small arrowheads) begins with the formation of a crescent (tri-
angle) which finally gives rise to the totally spherical immature
virus (IV, asterisk) which appears to be enclosed by a double
membrane (large arrowheads).

(b) The IV changes its spherical to a bricklike shape to form the
intracellular naked virus (INV) which is clearly surrounded by
two membranes (arrowheads).

(c) During the second envelopment the intracellular enveloped
virus (lEV), which is characterized by four membranes (arrow-
heads), is generated by enwrapping the INV with a membrane
cisternae.

(d,e) Sections were labelled with antibodies against VV-p14 fol-
lowed by protein A gold. P14 could not be detected in

in organization and, unlike the lysosome, contai,ns some
recycling receptors (such as the mannose-6-phosphate re-
ceptors (MPRs)) as well as the small GTP-binding protein
Rab7 on its cytosolic membrane (see Rabinowitz et al.,
1992). Our current working hypothesis is that the PLC is,
in fact, the major functional degradation compartment while
the "dense" lysosome is a storage organelle for lysosomal
enzymes that forms by budding from the PLC and can fuse
back with this organelle in a regulated fashion.

Before attempting to carry out functional studies on the PLC
and Iysosomes with respect to protein degradation we are
concentrating on separating the two classes of organelles
on sucrose gradients using established procedures. Using
the biotin-HRP-avidin assay system developed by Jean
Gruenberg's group the short-term goal is to test whether the
PLC can fuse in vitro with itself or with dense Iysosomes.
While we would predict that these fusions are possible our
model would argue that dense Iysosomes should not be
able to fuse with themselves, as was the case for the ECV
in earlier studies by the Gruenberg group. In vivo studies
using interspecies rat and mouse cell fusion experiments
have shown that while the PLC will fuse together to form
a larger compartment the membrane and content of Iyso-
somes intermix but the lysosomal vesicles do not become
larger (Oeng et al., 1991).

Endocytosis in polarized cells (R. Parton)

We have previously characterized endocytosis in the model
epithelial cell, Madin-Oarby canine kidney (MOCK). We are
now extending this work to look at another polarized cell,
the neuron, in collaboration with Carlos Ootti (see the report
by Simons). The cells being used are primary cultures of
rat hippocampal neurons. These cells differentiate in vitro
in a well-defined sequence of events to form a mature
neuron with distinct presynaptic and postsynaptic domains

immature virions (IV; d, asterisk) but in intracellular naked
virions (INV; e). The arrowheads in (d) point to the two
membranes of a potential intermediate form between IV and
INV.

(f) Hela cells were infected for 8 h with a recombinant vac-
cinia virus expressing the E1 protein of the avian infectious
bronchitis virus. The E1 protein of this coronavirus is known
to localize predominantly to a pre-Golgi compartment under
these conditions. Cryosections were labelled with anti-peptide
antibodies against the cytoplasmic tail of E1 followed by pro-
tein A gold. The cellular membranes close to or continous with
the developing virions are labelled. Occassionally, there is a
low but significant labelling of the immature virions (asterisks)
as well.

(see Simons' report). Using a morphological approach, we
investigated the sites of internalization of fluid-phase mark-
ers in the neuronal cell, especially with respect to the
location of late endosomes and Iysosomes. Of particular
interest was to investigate where components of the nerve
terminal, which may be located at a great distance from
the cell body, are degraded and how transport to these
sites occurs. Internalization was shown to occur along the
entire surface of the dendrites and cell body, apparently
via clathrin coated pits. In addition, endocytosis occurred
at the nerve terminal but not along the axon shaft. The
early endosomes in the dendrites were shown to consist
of an extensive tubular/reticular compartment extending to
the periphery. Tubules of several microns in length were
observed. In the nerve terminal smaller tubulovesicular early
endosomes were labelled.

The location of the late endocytic compartments in the cell,
the late endosomes and Iysosomes, was determined using
a number of specific antibodies. These late compartments
were shown to be within the cell body and occasionally
the proximal segment of a dendrite. No late compartments
were observed in peripheral segments of the dendrites or
in axons. The transport between the early endosomes in
the nerve terminal and the degradative compartments in
the cell body was examined using video microscopy. Large
structures labelled with endocytic markers were observed
moving via fast axonal transport in the retrograde direction.
By lesioning the axon and examining the accumulation of
labelled structures, the organelles undergoing retrograde
transport were shown to be large multivesicular body-like
structures, identical to putative endosome carrier vesicles
previously observed in other cells (see Gruenberg's report).
Our working model is that these structures bud from pe-
ripheral early endosomes, where sorting to degradation,
recycling or transcytotic pathways occurs, and then are
transported in a microtubule-dependent process to fuse with
late endosomes in the cell body.
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Other work (R. Parton)

Collaborative work has continued with the Zerial group. As
well as continuing to localize members of the Rab family
(see Zerial's report), we have studied the effect of over-
expression of Rab5 and mutants of Rab5 in collaboration
with C. Bucci. Rab5 was previously shown to be located
on the cytoplasmic surface of the plasma membrane and
early endosomes. After over-expression of Rab5 the rate
of fluid-phase uptake was increased and the lifetime of a
coated pit on the surface was considerably shortened. In
addition, the early endosomes showed a dramatic increase
in size. Over-expression of a mutant form of the protein un-
able to bind GTP (Rab5-lIe133) caused the opposite effect;
endocytosis was decreased and an apparent fragmentation
of the early endosomal compartment was observed. These
results show an essential role for Rab5 in regulating early
events in endocytosis. In addition they demonstrate the
plasticity of the early endosome compartment. This property
of early endosomes is also shown by work performed in
collaboration with Jean Gruenberg. Biotinylation was used to
tag plasma membrane proteins. The tagged proteins could
then be detected biochemically (see Gruenberg's report) or
identified on sections using streptavidin-gold. Internalization
of the biotinylated proteins in the presence of avidin caused
dramatic morphological changes to the early endosomal
compartment. Atypically large structures with extensive ar-
rays of internal membranes were produced. These morpho-
logical changes may be the result of modulation of normal
fission/fusion events. Cross-linking of biotinylated proteins in
the early endosome by avidin may inhibit fragmentation and
favour the formation of larger structures by ongoing fusion
events. Consistent with this, over-expression of Rab511e
inhibited the formation of these atypical early endosomal
structures.
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Nuclear pore formation, nuclear transport and ribosome biogenesis in yeast

Group leader: E.G. Hurt
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The transport of macromolecules between the cytoplasm
and the nucleus is controlled by the nuclear pore complexes.
We are studying an essential nuclear pore protein in yeast
termed NSP1 to (i) define its role in nuclear pore biogenesis
and nuclear transport and (ii) identify nearest neighbour
proteins of NSP1 with the goal to find new components of
the nuclear pore complex.

The nucleolus is the place for transcription and processing of
rRNA and ribosome biogenesis. Resident nucleolar proteins
are involved in these nuclear processes. In a second project,
we analyse the role of the essential nucleolar protein NOP1
(fibrillarin) for rRNA processing and formation of ribosomes
in the yeast nucleolus.

The nuclear pore protein NSP1 as a member
of the "nucleoporin" protein family
(M. Carmo-Fonseca, H. Kern, A. Mutvei, U. Nehrbass &
C. Wimmer with W. Herth &S. Dihlmann,
University of Heidelberg)

The nuclear pore protein NSP1 belongs to a group of
pore components in yeast (Nehrbass et al., 1990; Davis
& Fink, 1990) and higher eukaryotes (Featherstone et al.,
1988) called the "nucleoporins". In vertebrates, p62 and
other members of this protein family are glycosylated by
N-acetylglucosamine and play a role in nuclear transport
reactions. We have cloned and sequenced nucleoporin
p62 from HeLa cells (Carmo-Fonseca et al., 1991). Yeast
NSP1 and HeLa p62 have a similar domain organization
and sequence homology suggesting that they are structural
homologues. This, in analogy, would imply that NSP1 is also
involved in nuclear transport.

To obtain in vivo evidence for a role of NSP1 in nuclear
pore function, we analysed conditionally lethal mutants
of NSP1 (both ts mutants and GAL::nsp1 mutants) for
changes in the nuclear pore formation and nuclear transport.
Temperature-sensitive mutants of NSP1 were obtained by
site-specific or random mutagenesis of the isolated NSP1
gene; to test for a nuclear transport defect in vivo, a ts
nsp1 mutant which grows well at the permissive temper-
ature (23°C), but completely stops cell growth at 37°C
(this mutant carries a proline mutation within the essential
carboxy-terminal domain at amino-acid position 706) was
analysed for nuclear accumulation of the nuclear reporter
protein mata2-lacZ (a fusion protein between a yeast tran-
scriptional repressor and E.coli ,B-galactosidase (Hall et al.,
1990)). The mata2-lacZ fusion gene was under the control
of the GAL10 promoter and accordingly its expression could
be induced after ts nsp1 cells were shifted to the restrictive
condition. The growth curve of ts nsp1 revealed that cells
continue to grow for 10 hours at 37°C, before growth com-
pletely stops. Therefore, the nuc:aar entry of mata2-lacZ
was analysed after 8 hours at 37°C, at which point cells
are still dividing. The subcellular location of the nuclear
reporter was determined by indirect immunofluorescence
using a monoclonal antibody against E.coli ,B-galactosidase.
In galactose-induced ts nsp1 cells grown at the permissive
condition, the fusion protein concentrated within the nucleus.
In contrast, in ts nsp1 cells shifted to 37°C in galactose
medium, the mata2-lacZ fusion protein accumulated in the
cytoplasm. A control ts mutant (ts nop1), which should
not be impaired in nuclear transport reactions, efficiently
imported the fusion protein into the nucleus both at 23°C
and 37°C. These results demonstrate that nuclear accumu-
lation of the mata2-lacZ nuclear reporter protein requires
NSP1.
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To study the in vivo role of a single nucleoporin in nuclear
pore formation, we took advantage of the yeast system
which allows one to block the expression of NSP1 by
gene repression. The NSP1 gene was placed under the
control of the regulatable GAL10 promoter. GAL::nsp1 cells
can grow in galactose-containing medium, but stop cell
growth upon glucose-induced repression of the GAL::nsp1
gene. During the first 10 hours of NSP1 depletion, the
density of nuclear pores within the nuclear membrane drops
from 15 pores/J-lm2 to 6 pores/J-lm2 nuclear surface as
measured by freeze/fracture electron microscopic analysis.
In addition, nuclear transport of the reporter protein mata2-
lacZ was inhibited and the chimaeric protein accumulated
in the cytoplasm of NSP1 depleted cells. After re-induction
of the NSP1 gene following NSP1 depletion, NSP1 was
targeted to the nuclear periphery leading to an increase
in nuclear pore density and the nuclear reporter protein
was retargeted into the nucleus. According to these results,
NSP1 is required for the formation of the nuclear pores.

nsp1 mutants were exploited to find
interacting components of NSP1 which may turn out to be
located at the nuclear pore complex. A genetic approach
was developed to search for "synthetic lethals" of ts nsp1.
For this genetic screen, we assumed that in a ts nsp1
genetic background a second ts mutation within a NSP1
interacting component would cause lethality already at the
permissive temperature; such a synthetic lethality could be
due to an inhibition of complex formation between ts nsp1
and its putative mutated interacting protein. To find such
synthetic lethals of ts nsp1, a red/white colony sectoring
system was adopted (Kranz & Holm, 1990). Mutants which
no longer could grow with ts nsp1 alleles at permissive
temperature because of an extragenic ts mutation became
dependent on the wild-type NSP1 gene inserted in a plas-
mid causing red colony appearence. Ten individual non-
sectoring strains (forming red colonies) were obtained after
screening about 50,000 mutagenized colonies. These red
strains regained red/white sectoring upon transformation
with the intact NSP1, but not with the ts nsp1 gene. This
indicates that the mutants are synthetic lethals of ts nsp1
and most likely defective in a NSP1-interacting component.
Cloning of the gene(s) is currently in progress by trans-
forming non-sectoring strains with a genomic yeast library
inserted into a single copy number plasmid and screening
for re-sectoring colonies.

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

The protein NOP1/fibrillarin is located in a substructure of
the nucleolus called the dense fibrillar component. NOP1
was implied to be involved in rRNA processing and assem-
bly of pre-ribosomal particles (Schimmang et al., 1989). In
yeast cells depleted of NOP1 using the regulatable GAL10
promoter, rRNA processing is severely impaired and syn-
thesis of 18S rRNA is barely detectable, whereas 25S rRNA
synthesis continues (Tollervey et al., 1991). However, NOP1
gene repression is not complete with the GAL promoter
system and depletion requires several doubling times of
GAL::nop1 cells before cell growth stops. Accordingly, the
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primary defect caused by NOP1 depletion may be difficult
to analyse in such a repression mutant.

To achieve a faster way to inactivate the NOP1 function in
living cells thus allowing for a more reliable analysis of the
primary defect, we generated several temperature-sensitive
mutations within the NOP1 gene by bisulfit-induced random
mutagenesis of single-stranded NOP1 DNA. The mutant
alleles were recovered from yeast and by performing DNA
sequence analysis, the mutations could be mapped within
the NOP1 gene. Two out of the five mutant alleles had only
a single amino-acid exchange giving rise to temperature-
sensitive growth at 37°C. All five ts nop1 mutants show
a strong inhibition of ribosome formation after 1 hour shift
to the non-permissive temperature as measured by incor-
poration of 35S methionine into ribosomal proteins and
subsequent isolation of 60S and 40S ribosomal subunits
by sucrose density centrifugation. Strikingly, the rRNA pro-
cessing of these ts nop1 mutants does not resemble that
of NOP1 depleted strains; ts nop1 1-2 abolishes synthesis
of 18S and 25S rRNA, ts nop1-5 more strongly inhibits
25S than 18S rRNA synthesis and ts nop1-3 abolishes
methylation of pre-rRNA whilst processing is not inhibited.
At the permissive temperature, two of the ts mutants, ts
nop1-4 and ts nop1--7, grow already very slowly, most likely
due to an impaired ribosome biogenesis: the amount of ribo-
somes is lowered in these cells and only 60S intermediate
particles are found in a 20 min pulse experiment whereas
40S biogenesis is not affected. These data demonstrate
that NOP1 is required for the formation of ribosomes, most
likely by affecting rRNA metabolism (folding, processing or
modification) and/or assembly of ribosomal proteins and
rRNA.

A yeast mutant lacking a functional nop1 gene was comple-
mented by expressing the human nucleolar protein fibrillarin.
Thus, the basic role of fibrillarin has been conserved for
more than one billion years of evolution. However, yeasts
expressing human fibrillarin stop cell growth at elevated
temperatures (e.g. 37°C), due to an abnomalrRNA process-
ing. This suggests that human fibrillarin is partly impaired
in its interaction with other yeast nucleolar components.
The temperature-sensitivity and reduced rRNA processing
of the mutant complemented by human fibrillarin have been
genetically exploited to identify novel nucleolar components
which interact with fibrillarin/NOP1 and are essential for
ribosome biogenesis. Therefore, human fibrillarin express-
ing yeasts were mutagenized and extragenic suppressor
mutations which allowed this strain to grow at 37°C could
be obtained. One such suppressor, called SHF56, has been
shown to be due to a mutation of a single gene and it is partly
suppressed in a diploid cell homozygous for human fibrillarin
and heterozygous for the suppressor. SHF56 reveals effi-
cient rRNA processing and normal cell morphology at 37°C.
A genomic DNA library derived from SHF56 and inserted in
a yeast single copy plasmid was constructed and used to
complement the ts strain expressing the human fibrillarin.
Cloning of SHF56 is currently in progress. From the deduced
amino-acid sequence we expect to obtain information about
the nature of this suppressor which potentially could be a
yeast nucleolar component interacting with fibrillarin and
required for pre-rRNA processing.
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Signals in intracellular transport

Group leader: D. Vaux*

Fellows: R. Hendriks, A. Wandinger-Ness*, C. Wimmer*

Assistant: M. Kail

In its final year at EMBL, the group continued to work on
several projects related to the field of membrane traffic,
and in particular the signal mediated control of intracellular
transport events.

Recognition events in alphavirus biogenesis

The efficient budding of Semliki Forest virus at the plasma
membrane of an infected mammalian cell apparently re-
quires a specific interaction between the cytoplasmic do-
main of the spike glycoprotein E2 and the assembled nucle-
ocapsid. This interaction can be mimicked by synthetic E2
cytoplasmic domain peptides coated onto colloidal gold par-
ticles. Both the full length cytoplasmic domain, and shorter
peptides which contain the carboxy-terminus of the do-
main, decorate intracellular nucleocapsids (Kail et al., 1991).
Micro-injection experiments showed that these peptides also
reduced the production of infectious virus particles produced
by infected mammalian cells. Experiments are now under
way to examine in more detail the nature of the block to
infectious virus production, making use of electro-poration
to introduce synthetic peptides into large populations of
infected cells (in collaboration with Rainer Pepperkok).

The ability of the synthetic peptides corresponding to the
E2 cytoplasmic domain to reduce infectious virus production
when introduced into infected cells, and to inhibit binding
of the F13 anti-idiotype antibody to fixed, permeabilised
infected cells, suggests that the peptides might have sig-
nificant structural similarity to the cytoplasmic tail of the
intact protein. In collaboration with Annalisa Pastore (EMBL)
we are using NMR to look at the solution structure of the
full length 31 residue E2 cytoplasmic domain from Semliki
Forest virus. Preliminary evidence suggests that the peptide
does have significant secondary structure in solution, and
that a helical conformation is adopted by the amino terminal
part of of the peptide, while the carboxy terminal part is in
an extended configuration.
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Receptor mediated retention of soluble
resident proteins in the ER (R. Hendriks &
H. Krafft-Czepa; in collaboration with
the groups of S. Fuller & J. Tooze)

The retention of soluble resident proteins of the endo-
plasmic reticulum (ER) is probably mediated by a re-
cycling receptor which retrieves escaped ligand from a
proximal downstream exocytic compartment and returns
it to the ER. Candidate molecules for this receptor have
been identified by a yeast genetic approach (Lewis, Sweet
& Pelham, 1990; Lewis & Pelham, 1990) and an im-
munological approach involving anti-idiotype antibodies
(Vaux, Tooze & Fuller, 1990). We have continued to
study the ubiquitous low abundance 72,000 transmembrane
KDEL-binding protein (KBP) identified by this latter ap-
proach.

Antibodies against the KBP have been used to establish
and optimize a subcellular fractionation procedure based
upon an unpublished Nycodenz gradient protocol kindly
provided by Professor Soiling, G6ttingen. This has led to
the isolation of a peak fraction which is 32-fold enriched
for the KBP, and depleted of ER and Golgi markers. El-
ements of the endocytic pathway are also absent from
the KBP peak fractions. Experiments with endogenous
markers for the exocytic pathway (such as immunoglobulin
chains in mouse hybridoma cell-lines) as well as exoge-
nous markers (such as the G protein of vesicular stomati-
tis virus (VSV)) confirm that this peak represents a com-
partment on the exocytic pathway. GTP overlay blots af-
ter high resolution two-dimensional electrophoresis of the
KBP peak fraction (in collaboration with L. Huber & K.
Simons) reveal the presence of the low molecular weight
GTP binding protein Rab2, which has been shown to be
present in a compartment intermediate between ER and
the Golgi apparatus (Chavrier et al., 1990). A more de-
tailed study of the KBP-enriched fraction is now under
way.



The efforts to obtain a cDNA clone encoding the 72,000 KBP
have given rise to a partial clone encoding an open reading
which shows no homology to existing known sequences.
Antisera raised against the fusion protein expressed by
this clone recognize the authentic cellular 72,000 KBP. The
completion of a full length cDNA should soon be achieved.
This will permit much more detailed studies of the behaviour
of this protein to be performed.

During the year work has also continued to express the
variable regions of the monoclonal idiotype (anti-KDEL) and
anti-idiotype antibodies recognizing the 72,000 KBP from
prokaryotic and mammalian expression vectors, both as
conventional immunoglobulins and as single chain binding
domain molecules. One of the monoclonal anti-KDEL anti-
bodies has heavy and light chain V region sequences very
close to those of a solved immunoglobulin, making it feasible
to produce a model of the anti-KDEL binding site (see Plate
22 in the research report of Stephen Fuller).

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

The low molecular weight GTP-binding proteins Rab2, Rab5
and Rab7 have been purified from E.coli expressing high
levels of the proteins in soluble form. Monoclonal and
polyclonal antibodies against isolated protein and synthetic
peptides corresponding to the carboxy-terminal regions of
the Rab proteins have been produced. An interesting bias
toward antibodies recognizing C-terminal epitopes was ob-
served even when intact native (or, at least, GTP binding)
protein was used as antigen. These antibodies showed
specificity for single Rab proteins, suggesting that the hyper
variable C-terminal regions of Rab proteins are exposed and
strongly immunogenic in the whole protein,which might be
expected from the important role of this region in intracellular
targeting of members of the Rab family (Chavrier et al.,
1991).

The antibodies which have been produced are being tested
for their effects on intracellular transport events to select the
most appropriate idiotype reagents for use as immunogens
in the generation of second-round anti-idiotype antibod-
ies.
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Functional properties of cytoplasmic intermediate filaments and nuclear lamins

Group leader: S.D. Georgatos

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

Visitors: I. Dunia*, N. Olivieri*, P. Theodoropoulos*

Assistants: M. Brunkener, F. Schwesinger*

Intermediate filaments (IFs) represent major constituents of
the cytoplasmic matrix and the nuclear lamina in almost all
eukaryotic cells. Despite their ubiquity and abundance, the
function of these elements remains elusive. To study the
physiological role of cytoplasmic and nuclear IFs, we are
currently carrying out the following experiments..

In vivo role of cytoplasmic IFs in mitosis

To examine the role of cytoplasmic IFs in mitosis, we
have microinjected synchronized 3T3 cells with two mon-
oclonal antibodies recognizing different sites of vimentin,
an IF protein. As shown in Plate 6, we find that significant
numbers of the microinjected cells are transiently arrested
in the M-phase (as evidenced by the distribution of the
nuclear lamins, the state of chromatin and the appearence
of daughter cells), whereas cells microinjected with control

antibodies are not affected. This arresting effect lasts for
about two hours and afterwards the cells complete mitosis,
divide normally and return to interphase. Electron micro-
scopic analysis of the arrested cells reveals that the network
organization of vimentin filaments is severely affected.

We are now concentrating on identifying transient partners
of vimentin IFs during mitosis.

Identification of proteins mediating the attachment
of cytoplasmic IFs to membraneous organelles

Elucidation of IF function requires knowledge of the nearest-
neighbour relationships between IFs and the major mem-
branous systems with which they seem to associate in
vivo. Previous observations have shown that a category of
cytoplasmic IFs (the type III filaments) binds specifically to

PLATE 6

Mitotic 3T3 cells have been injected with a mouse monoclonal anti-
vimentin antibody and allowed to proceed in the cell cycle. Panel
A shows staining with rhodamine-anti-mouse antibodies 2 hours
after injection. Notice that only the cell indicated by arrowhead has
been injected. Panel B shows the distibution of nuclear lamins
in the injected cell and in non-injected cells in the same field,
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as assayed by rabbit anti-Iamin antibodies and anti-rabbit-FITC.
Note that the lamins remain diffuse in the injected cell, whereas in
the non-injected cells (or in cells injected with normal mouse IgG)
they assemble around the nucleus. Parallel staining with DAPI (not
shown) demonstrates that the injected cell possesses condensed
chromatin, typical of the mitotic state.



nuclear lamin B (itself an IF protein and a major component
of the nuclear lamina). Recent studies now extend these
observations by using anti-idiotypic antibodies. Specifically,
we have found that a monoclonal antibody reacting with
vimentin and peripherin blocks the interaction between lamin
B and the C-terminal peptide of peripherin. This antibody,
which maps in the C-terminal domain of these IF proteins,
when injected into rabbits elicits anti-idiotypic antibodies
recognizing lamin B. The anti-idiotypic antibodies inhibit the
binding of lamin B to the C-terminal peptide of peripherin
(Papamarcaki et a/., 1991). These data confirm a previous
study with anti-idiotypic antibodies that developed sponta-
neously in the course of an auto-immune response (Djabali
et a/., 1991) and strongly suggest that nuclear lamin B, or
a protein that possesses a "Iamin B-fold", may be respon-
sible for the attachment of cytoplasmic IFs to the nuclear
envelope. To define and localize such a potential fold along
the lamin B molecule, we have expressed deletion mutants
of chicken lamin B2 (wild-type construct kindly provided by
Drs. Peters & Nigg, Switzerland) in E.co/i and we are now
analysing their ability to bind vimentin.

To explore the possibility that lamin B-Iike proteins may
mediate the linkage of IFs to membranous organelles other
than the nuclear envelope, we have examined an anucleate
cell system: the fibre cells of the eye lens (LFC). We have
found that a 100 kDa protein of the LFC plasma membrane,
which we have termed filensin, shows an affinity for a
synthetic derivative of the C-terminal domain of peripherin
and binds specifically to vimentin in vitro. Lamin B com-
petes with filensin for binding to the peripherin peptide,
whereas two anti-idiotypic sera reacting with lamin B also
react with filensin. As all cytoplasmic IF subunits and the
lamins, filensin polymerizes in vitro under isotonic conditions
without the need for auxiliary factors, forming irregular fibrils
that bear a resemblance to the structures assembled from
purified neurofilament Hand M proteins (Plate 7).

PLATE 7

Typical fibrils assembled by reconstituting purified filensin in isotonic
salt visualized by negative staining.

Partial sequencing of filensin eDNA reveals a long, inter-
rupted a-helical domain containing heptad repeats and a
long C-terminal region with 51/2 tandem 14 residue repeats
that match features of the neurofilament H protein. The
a-helical region shows sequence homology to several IF
proteins (cytokeratins, lamins, vimentin, neurofilament triplet
proteins etc.) and contains a degenerate version of a con-
sensus motif found in mostsequenced IF proteins. Northern
blotting shows that filensin is exclusively expressed in the
lens tissue.

/n vitro binding experiments demonstrate that filensin can
directly associate with lens membrane vesicles stripped
from peripheral proteins, most likely via a protease-sensitive
protein "receptor". Current efforts are focusing on character-
izing this filensin receptor.

Molecular interactions involving the nuclear lamins
and regulation of nuclear envelope assembly

Previous studies have shown that purified nuclear lamin B,
but not nuclear lamin A, has the ability to bind to urea-
stripped nuclear envelope preparations. Such preparations
contain a major component, the protein p58 which behaves
as a "receptor" for lamin B in vitro. p58 is localized in
the inner nuclear membrane and is constitutively phos-
phorylated at interphase, exclusively at serine residues.
/n vitro dephosphorylation of p58 reduces its binding to
lamin B, suggesting that the constitutive phosphorylation
may be essential for its stable association with the lamina
network.

Recently, we have characterized a kinase activity which
is responsible for the constitutive phosphorylation of p58.
This activity is associated with the nuclear envelope and
can be isolated in a tight .native complex with p58. Other
studies also show that p58 possesses appropriate sites for
inducible kinase A and cdc2-mediated phosphorylation. Our
most recent experiments concern the assembly pathway of
p58, Le. its transport from the endoplasmic reticulum (ER),
where it is synthesized, to the nuclear envelope as it relates
with these post-translational modifications.

In other experiments we have attempted to establish a
reliable spectroscopic assay to follow the self-assembly of
nuclear lamins. This work has not been concluded yet and
several technical problems remain to be solved; however,
from preliminary assays it would seem that lamin assembly
can be kinetically investigated by measuring the changes
in intrinsic fluorescence and the development of turbidity
during polymerization of purified subunits. In the future we
are going to examine more systematically the ability of
lamins to form homotypic and heterotypic complexes by a
number of biophysical methods, including viscometry and
fluorescence energy transfer.

Finally, this year, we have extended our studies on the
interactions between lamin A and nucleosomal particles
by exploring a "band shift" assay. We have also prepared
site-specific anti-Iamin A antibodies and we plan to examine
the lamin-chromatin interaction in vivo.
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Lamin and p58 analogues in lower eukaryotes

In previous experiments we have tried to identify genes cod-
ing for nuclear lamin analogues in yeast to take advantage
of this powerful genetic system. These experiments did not
yield any meaningful results, although antibodies against
consensus sites of vertebrate.lamins and ligand blotting with
vimentin probes identified candidate proteins. To confront
this problem, we are going to continue our screening using
new antibodies that we have developed against the lamins
and p58 and also exploiting the chemical properties of the
lamin proteins.

In another series of experiments we are now exploring the
Xenopus laevis system, where by immunochemical means
we identified a nuclear membrane-associated 60 kDa pro-
tein cross-reactive with anti-p58 antibodies.
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Regulation of membrane traffic in epithelial cells

Group leader: M. Zerial*

Fellows: C. Bucci*, P. Chavrier*, A. LOtcke*, H. Stenmark*

Assistant: M. Stapleton*

In eukaryotic cells, transfer of material between organelles
of the exocytic and endocytic pathway is mediated by
transport vesicles. Vesicles bud from the donor compart-
ment and specifically fuse with the appropriate acceptor
compartment in a tightly regulated manner. The accurate
order of membrane traffic events avoids disruption of the
structural and functional integrity of the different organelles.
An even higher level of complexity is displayed by epithe-
lial cells. These cells are organized into polarized layers
that form a functional barrier between the external and
internal milieu. This organization is necessary to polarize
the distribution of proteins and lipids in the apical and
basolateral plasma membrane domains. The aim of our
group is to unravel the molecular mechanisms which reg-
ulate the network of transport reactions in epithelial cells.
In particular, we are interested in identifying regulatory fac-
tors which are common to all cell types and others which
are specific to epithelial cells. To address this problem
two complementary molecular approches have been under-
taken:

(1) Studies on low molecular weight GTPases (Rab and
Rho proteins) as regulators of membrane traffic in
epithelial cells.

(2) Identification of genes expressed in the embryonic
kidney involved in establishment of cell polarity.

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

The discovery that the large superfamily of small Ras-
related GTPases includes proteins which function as spe-
cific regulators of membrane traffic has provided insights into
the molecular mechanisms underlying vesicular transport.
Studies on Ypt1 p and Sec4p have shown that these two
23,000 GTP-binding proteins are involved in the regulation
of secretion in the yeast Saccharomyces cerevisiae. We
had previously identified eleven Ypt1/Sec4-related proteins
(Rab and Rho proteins) expressed in epithelial Madin-Oarby
canine kidney (MOCK) cells (Chavrier et al., 1990). Im-

munofluorescence and electron microscopy studies have in-
dicated that these proteins are localized to distinct subcom-
partments along the exocytic and endocytic pathway (Plate
8), thus supporting the hypothesis that Rab proteins might
regulate distinct steps of membrane traffic in mammalian
cells. Since expression studies have indicated that these

PLATE 8

Scheme of the localization of Rab proteins in mammalian cells.
Rough endoplasmic reticulum (RER), trans-Golgi network (TGN),
early endosome (EE), late endosome (LE). Because of the struc-
tural similarity, Rab8 and Rab10 are possible candidates for a
mammalian Sec4 homolog.
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proteins are ubiquitously expressed, we have continued our
efforts to attempt to identify GTP-binding proteins specifi-
cally expressed in epithelial cells. Using a method based on
the polymerase chain reaction we have cloned eleven novel
Rab and one new Rho protein. Expression of these mRNAs
in epithelial and non-epithelial cell-lines and tissues is cur-
rently being studied by Northern blot analysis. Preliminary
results indicate that expression of one of these proteins is
restricted to kidney, liver and intestine, tissues which are
rich in epithelial cells. In collaboration with Robert Parton,
Carlos Dotti, Paul Dupree, Lukas Huber, Vesa Olkkonen and
Kai Simons we are extending the localization and functional
studies to these new Rab and Rho proteins.

Membrane association of Rab proteins
(P. Chavrier)

The mechanism responsible for the membrane association
of Rab proteins has been investigated. Recent studies have
demonstrated that p21 Ras, G proteins "y subunits, yeast
mating factors and nuclear lamins are post-translationally
modified by addition of a thioether-linked prenyl group.
The modification occurs on the CAAX (cysteine-aliphatic
aliphatic-any amino-acid) motif at the C-terminal end of
the protein. With the exception of Rab8, none of the Rab
proteins identified so far has a conventional CAAX box,
but rather structurally distinct cysteine motifs. Nevertheless,
mutant Rab proteins truncated to remove their C-terminal
cysteine motifs accumulate in the cytosol when transiently
expressed in mammalian cells, suggesting that membrane
association requires the presence of an intact C-terminal
cysteine motif. In collaboration with the group of E.A. Nigg
(ISREC, Lausanne) we have investigated whether Rab
proteins are post-translationally modified via isoprenylation
of the C-terminal cysteines. We have found that in vitro
translated and in vivo expressed Rab proteins incorporate
a derivative of mevalonic acid, which is. a precursor of
isoprenoid moieties. This modification is not only dependent
on the presence of a C-terminal cysteine motif but also
on upstream sequences. However, while isoprenylation is
required for membrane association it does not alone specify
targeting to specific organelles. To define the region of Rab
proteins mediating their specific localization, we progres-
sively replaced C-terminal sequences of Rab5 with those
from Rab7 and determined the intracellular localization of
these hybrid proteins by immunofluorescence confocal mi-
croscopy and sub-cellular fractionation in collaboration with
Ernst Stelzer, Jean-Pierre Gorvel and Jean Gruenberg.
Neither the C-terminal cysteine motif nor sequences up
to 13 C-terminal residues of Rab7 affected the localiza-
tion of the Rab5 reporter fragment to early endosomes. In
contrast, an N-terminal 181 residues long Rab5 reporter
fragment fused to the C-terminal 34 amino-acids of the
Rab7 protein was localized, like Rab7, to late endosomes.
A Rab protein from the exocytic pathway (Rab2) could
also be targeted to early or late endosomes by exchang-
ing its C-terminal region with that from Rab5 or Rab7,
respectively. These data indicate that the highly variable
C-terminal domain contains structural elements necessary
for the association of Rab proteins with their specific target
membranes.
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Functional studies on Rab proteins
in vitro and in vivo (C. Bucci,
P. Chavrier, A. LOtcke &H. Stenmark)

Owing to the localization of Rab5 to early endosomes,
we investigated the possibility that it might be involved
in the control of the fusion of early endosomes in vitro,
in collaboration with Jean-Pierre Gorvel and Jean Gru-
enberg. Early endosome fusion was strongly inhibited by
an anti-Rab5 antiserum whereas control antibodies were
not effective. Cytosol containing high level of Rab5 over-
expressed using the T7 RNA polymerase recombinant vac-
cinia virus system (Fuerst et al., 1986) stimulated fusion
compared to cytosol from untransfected cells or cytosol
containing over-expressed lacking the two C-
terminal cysteine residues. In contrast, over-expression of
Rab5ile133, a mutant protein which does not bind GTP,
inhibited the fusion activity. These observations indicate
that the Rab5 protein is a component of the machinery
controlling the process of early endosome fusion in vitro.
We then investigated the function of Rab5 in vivo in col-
laboration with Robert Parton. For this purpose, we over-
expressed wt Rab5 and Rab5ile133 mutant proteins 5-fold
over the endogenous level in baby hamster kidney (BHK)
cells using vaccinia recombinant viruses constructed in the
laboratory of Henk Stunnenberg. In cells expressing the
Rab5ile133 protein the rates of uptake and recycling for
both receptor-mediated and fluid phase endocytosis were
decreased by 50% compared to control cells. A higher
level of over-expression (15-fold over endogenous) was
achieved using the T7 RNA polymerase vaccinia virus ex-
pression system. Using lipofection we obtained high (90%
of transfected cells) and reproducible transfection efficien-
cies. Over-expression of wild-type Rab5 using this system
increased fluid phase uptake 2.5-fold compared to normal.
Confocal immunofluorescence and electron microscopy re-
vealed that over-expression of wild-type Rab5 led to the
appearance of atypically large early endosomes. In contrast,
cells over-expressing Rab5ile133 showed accumulation of
small tubules and vesicles at the periphery of the cell and
delayed delivery of a fluid phase marker to early endo-
somes. These results suggest that over-expression of a sin-
gle GTP-binding protein affects the kinetics of endocytosis
and recycling as well as the morphology of early endocytic
organelles. Rab5 appears to be a common component
of the machinery which regulates both transport from the
plasma membrane to early endosomes and lateral fusion
between early endosomes. The e;:perimental conditions we
have established allow us to carry out functional studies in
vivo on several other Rab proteins. Experiments are being
performed in collaboration with Robert Parton to examine
the morphological and biochemical effects accompanying
the over-expression of wild-type and mutant Rab proteins
on the endocytic pathway. Furthermore, we are using the
vaccinia virus expression system we have employed in the
functional studies to identify components interacting with
Rab5. This should hopefully facilitate our studies on the
mechanism of action of Rab proteins in membrane traf-
fic.

Immunofluorescence studies carried out by Daniela Lom-
bardi (Eric Karsenti's group) have indicated that Rab9 is



associated with both late endosomes and the trans-Golgi
network. In vitro studies performed in collaboration with S.
Pfeffer's laboratory (Stanford University) suggest that this
protein is involved in the regulation of traffic between these
two compartments. Finally, in collaboration with the group
of Kai Simons we are continuing the characterization of
Rab proteins on the exocytic pathway. The association of
Rab8 with the Golgi apparatus and post-Golgi basolateral
transport vesicles in MOCK cells suggests that this protein
might be implicated in the control of transport from the Golgi
apparatus to the basolateral plasma membrane in polarized
cells.

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

The long-term goal of this approach is to define the set of
molecules which are specifically expressed in polarized ep-
ithelial cells. This project is carried out in collaboration with
the group of Kai Simons and with the laboratory of Dr. Eero
Lehtonen in Helsinki. In the embryonic kidney, unpolarized
mesenchymal stem cells differentiate into epithelial cells in
response to an inductive interaction with the ureter bud.
The interaction is reciprocal since it leads to branching of
the ureter into the mesenchyme. This differentiation process
can be reproduced in vitro by reconstituting the interaction
between mesenchyme and ind,ucer tissue from 11 days
mouse embryos. The in vitro induction gives the opportunity
to synchronize the differentiation of the mesenchymal cells.
We are currently using differential hybridization techniques
to identify mRNAs specifically expressed in the induced but
absent in the uninduced cells. Among these mRNAs some
are expected to encode proteins responsible for establishing
cell polarity.

The differential screening approach is complementary to
the previous screening on epithelial-specific Rab proteins.
Components of the machinery regulating membrane traffic in
epithelial cells might be identified using these two strategies.
In summary, this project aims at studying the structural
and functional properties of epithelial cells in the context
of embryonic development.
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Differentiation Programme

Introduction

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

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

The Graf and Mlodzik groups are interested in molecular
mechanisms of cell determination and differentiation. How
does a stem cell decide to differentiate into one or another
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cell type? This question is being studied in the haematopoi-
etic system of chickens as well as in the neuronal cells of the
compound eye of Drosophila. Since in higher vertebrates
aberrations in growth control and differentiation can lead
to cancer, all of the above groups (with the exception of
Mlodzik's) are working also on the mechanism of cell trans-
formation and tumorigenesis.

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

This year has seen the arrival of Marek Mlodzik and the
departure of Ottavio Fasano to Palermo University. I would
like to extend our gratitude to Ottavio who helped to form
the Programme from its beginnings. We are now looking
forward to the arrival of Anne Ephrussi, who will establish a
second group working on Drosophila.



Nuclear oncogenes and haematopoietic cell differentiation

Group leader: T. Graf

Scientists: J. Frampton, S. Ness*

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

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

The group is interested in understanding how nuc'lear onco-
genes induce the proliferation of erythroid and myelomono-
cytic cells. We are also very interested in the molecular
basis of lineage commitment, in particular the mechanism by
which a haematopoietic progenitor decides to differentiate
along the erythroid, eosinophil or myelomonocytic lineages.
We have been using avian retroviruses that carry various
oncogenes as a model system for the induction of acute
leukemias in chickens. With these viruses it is also possible
to induce a leukemic transformation of haematopoietic cells
in culture, either of the embryonic type (stage 10-12 blas-
toderm) or of the definitive, adult type (bone marrow from
hatched chicks).

Cooperation of v-erbA and v-ets in
the induction of erythroblastosis

In our previous work on v-myb and v-ets we have shown
that nuclear oncogenes can cooperate in the induction of
acute leukemias but only if their products are fused into
a single protein. Neither v-myb nor v-ets alone nor the
two oncogenes separately expressed from one retroviral
construct caused leukemia (see Research Report 1990).
We therefore wished to know whether other combinations
of individually expressed oncoproteins could cooperate in
inducing leukemia. For this purpose we decided to construct
a retrovirus containing v-ets and in addition v-erbA, an
oncogene which we have shown earlier collaborates with the
v-erbS tyrosine kinase oncogene of the avian erythroblas-
tosis virus. We found that the v-erbA + v-ets retrovirus con-
struct efficiently transformed erythroid cells in culture. The
transformed cells exhibited a phenotype strikingly similar to
v-erbA + v-erbS transformed erythroblasts in that they were
blocked in differentiation (a property conferred by the v-erbA
oncogene) as well as being growth factor independent (a
property conferred by the v-ets oncogene). When injected
into animals, the v-erbA + v-ets virus caused the rapid onset

of erythroleukemia in nearly all animals injected while con-
structs containing either v-erbA or v-ets alone did not. These
results clearly demonstrated that nuclear oncoproteins can
cooperate in leukemogenesis not only when they are fused
but also when they are produced as individual proteins. Our
observations provide clear exceptions to the empirical rule
which states that oncogene cooperation always involves a
nuclear and a cytoplasmic-type oncogene (Weinberg, 1985).

Intramolecular repression of c-Ets-1 DNA
binding and its relief in v-Ets suggests a
mechanism of oncogene-activation

A comparison of the structure of p68 c-Ets-1 protein with
the p68 v-Ets protein reveals two major differences: (a) a
substitution of 15 amino-acids at the carboxy terminal end of
c-Ets-1 with 12 amino-acids of unknown origin in v-Ets and
(b) two point mutations. To analyse the relevance of these
mutations we compared by band shift assays the ability
of the two proteins to bind to the Ets-response element
contained in the PEA3 binding sequence. Surprisingly, it
turned out that v-Ets but not c-Ets-1 protein bound the
cognate DNA sequence, suggesting that the latter was
repressed in its capacity to bind. This assumption was
supported by the finding that JTlild proteolytic digestion of
c-Ets-1 activated its DNA binding capacity. To map the
repressing domains more precisely, a deletion analysis of
c-Ets-1 was performed. This analysis revealed a repressing
domain at the C-terminus and another, larger one, between
the trans-activating domain located at the N-terminus and
the DNA binding domain. These results suggest that the
modification in v-Ets of the C-terminal end activates its
capacity to bind to DNA in a constitutive fashion, perhaps
a prerequisite for its transforming potential. It also suggests
that c-Ets-1 is normally repressed in cells and that this can
be overcome by a mechanism which involves a modification
of one of the two domains identified (Plate 9).
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PLATE 9

Models depicting Ets proteins in different conformational states and
their binding to DNA. The regions of intramolecular interaction are
indicted by thickened lines, the modified C-terminal end of v-Myb
as a solid bar. DNA-SO, REP and T.A.=DNA binding, repressing
and trans-activating domains.
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have now shown that erythroleukemia cells recovered from
E26-infected animals can also be induced to differentiate
into these three lineages. These results demonstrate for the
first time the possibility of transforming efficiently chick mul-
tipotent haematopoietic progenitors. We are presently trying
to determine whether the differentiation of E26-transformed
progenitors into myeloblasts and eosinophils represents in-
dependent events (Plate 10A) or whether differentiation into
the two cell-types proceeds sequentially (Plate 10B,e).

The discovery of multipotent erythroid progenitors (MEPs)
transformed by E26 virus prompted us to attempt to develop
novel cell-type-specific reagents. We therefore immunized
mice with MEPs and screened myeloma fusions for the
presence of hybridomas which would produce antibodies
which react with the surface of MEPs. Three antibodies
were isolated which specifically reacted with MEPs. The
first antibody, MEP 17, stains an antigen composed of two
chains of 140 and 150 kDa which is expressed on MEPs at
3-5-fold higher levels than on myelomonocytic, eosinophilic
or erythroid cells. This antigen appears to be related to
VLA-4, a member of the integrin adhesion molecule family.
The second antibody, MEP 21, stains a 150 kDa protein of
unknown function; The third antibody, MEP 26, stains a 47-
60 kDa protein whose function is also unknown. The latter
two antigens are completely absent on myelomonocytic and
eosinophilic cells.

Identification of novel cell surface antigens
characteristic for multipotent haematopoietic
progenitors from the chicken

IPROMOTER t'VVV\

c-Ets (truncated)8

The E26 leukemia virus transforms haemato-
poietic progenitors capable of differentiating
along three different lineages

The Gag-Myb-Ets fusion protein of the E26 leukemia virus
is capable of transforming both immature myelomonocytic
cells ("myeloblasts") as well as immature erythroid cells
("erythroblasts"). The transformed erythroblasts can differ-
entiate spontaneously into erythrocyte-like cells but can
also be induced to differentiate into myeloblasts if super-
infected with kinase-type oncogene-containing retroviruses
or if treated with 100 nM TPA. In addition, they can be
induced to differentiate into eosinophils, particularly if treated
with low concentrations of the phorbolester (20 nM). We
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PLATE 10

Models for TPA-induced lineage commitment of E26 transformed
haematopoietic progenitors. MEP, E26-transformed multipotent ery-
throid progenitor; MYL, myeloblast; EOS, eosinophil.
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Preliminary data suggest that these antigens are also ex-
pressed on normal haematopoietic progenitors as well as
on chick thrombocytes. They are particularly interesting
because they are down-regulated rapidly as a result of TPA
treatment of MEPs, preceding the trans-differentiation into
myeloblasts and eosinophils. We are presently attempting
to clone the cDNAs of these antigens using an expression
cloning strategy.

Probing the requirements of cell transformation
with v-Myb by substitution of the transcriptional
activator domain

The v-myb gene contained in both the avian myeloblastosis
virus (AMV) and in the E26 virus is truncated at both ends
but retains the entire DNA binding and trans-activating
domains. Deletion of either of these domains results in a
complete destruction of the cell transforming capacity. In this
study we asked whether the trans-activating motif (which is
highly charged) could be functionally replaced by a frag-
ment of VP16, a strong Herpes virus-derived transcriptional
activator which is of the acidic amphipatic helix type and
probably different from that of Myb. The results showed that
the chimaeric Myb protein was a more potent
of a reporter construct and that a retroviral construct encod-
ing the protein transformed myeloblasts without an apparent
change in phenotype. When VP16 was substituted in the
context of the E26 Gag-Myb-Ets fl)sion protein no effect on
the trans-activation and myeloid cell transforming potential
was observed but the erythroid cell transforming capacity
was decreased. In addition, the latter exhibited a slightly
altered phenotype consisting in the expression of an antigen
characteristic for eosinophils. These results show that the
trans-activation domain of v-Myb can be substituted with
that of a heterologous domain and that the transforming
capacity of the Gag-Myb-Ets protein is less sensitive to the
VP16 substitution in myeloid than in erythroid cells.
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Molecular biology of mammalian development

Group leader: U. ROther

Fellows: D. Bachiller*, C. Murphy, C. Ovitt, T. Rijkers, T. Schimmang

Visitors: J. Beckers* ,R. Khokha*, L. Kockel*

Assistants: F. van der Hoeven, C. Woodroofe

Although more and more genes have been isolated which
display a certain spatial and temporal expression pattern
during mammalian development, in most cases their func-
tions are elusive. To characterize the relationship between
expression and function of selected genes we have chosen
to use the transgenic mouse system in combination with
embryonic stem (ES) cells. These systems are also useful
for screening by insertional mutagenesis for novel genes.

Studies to analyse the function of
genes in development

Daniel Bachiller has continued to analyse the consequences
of inducible c-fos genes in Mx-c-fosD transgenic mice
(Bachiller & ROther, 1990). He was able to show that
the expression of certain genes is elevated upon induc-
tion of transgenic fos. However, not every gene known
to be inducible by fos in the tissue-culture system was
responsive in the animal. At present this analysis is be-
ing expanded to almost every gene suspected to be fos-
responsive. The results will be of interest for the interpreta-
tion of the in vivo function of c-fos. In collaboration with
Takeshi Tokuhisa (ICMR, Japan) the immundeficiency of
H2-c-fos transgenic mice was investigated. The analysis
demonstrated that the immune abnormality in these mice
(ROther et al., 1988) results from the reduced capacity
of B cells to generate IgG antibodies. In contrast, T cell
function in these mice is normal, thus fos over-expression
is specifically affecting the function of B cells (Takao et al.,
1991). Prelimilary results suggest that the primary effect of
c-fos is the stimulation of the class switch capacity of B
cells.

Mice lacking the Fos protein will be important tools to
unravel the function of c-fos. Therefore, Catherine Ovitt
has generated several fos gene constructs to inactivate
the endogenous c-fos gene via homologous recombination
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in ES cells. Unfortunately, no cell clone with an inacti-
vated fos-allele has yet been isolated. The feasibility of
the approach was shown by Catherine Ovitt for the cation-
dependent mannose-6-phosphate receptor (CD-MPR). She
was able (in collaboration with Thomas Ludwig from Bern-
hard Hoflack's group) to inactivate the CD-MPR gene in
two different ES cell-lines (mbl.1 and E14) and to generate
chimaeric mice with several independently derived ES cell
clones. At present these chimaeric mice are being bred
for germ line transmission of the inactivated allele. The
heterozygous mice generated will be crossed to obtain CD-
MPR negative mice which will be helpful in understanding
the function of this receptor.

To elucidate the role of the tissue inhibitor of metallopro-
teinases (TIMP) as a tumour suppressor gene (Khokha et
al., 1989) Rama Khokha has generated several transgenic
mouse lines that over-express either a sense or an anti-
sense TIMP gene construct. At present these mice have
been injected with different tumour cell-lines to test their
tumourigenic and metastatic behaviour in relation to an
altered TIMP expression.

Carol Murphy (with the help of Johannes Beckers) has
started a project in collaboration with the group of Bernhard
Fleckenstein, Erlangen, with the aim of characterizing the
transforming region of different subgroups of Herpes sairniri
viruses. Constructs carrying different viral DNA sequences
have been introduced into mice to examine the conse-
quences of expression. First results suggest that a certain
DNA sequence of subgroup C virus contains a highly trans-
forming oncogene which can induce tumours in transgenic
animals within the first weeks after birth. Although the con-
struct is expressed in several tissues tumours were always
associated with epithelial cells. Thus, there is indication
that the transforming region of the Herpes sairniri C virus
functions in mice as a "single hit" oncogene with a cell-type
specificity.



Analyses of mouse mutants generated
by insertional mutagenesis

To identify new genes with important functions in devel-
opment we have screened our transgenic mouse lines for
phenotypes caused by the integration of the transgene, and
in addition have made use of the "gene-trap" approach.
Tonnie Rijkers has generated a novel gene-trap construct
to mark genes which are specifically expressed in ES cells.
Using a PCR-based cDNA cloning the partial DNA sequence
of these marked genes can be obtained in a few days.
Injection of the ES cell clones into blastocysts and subse-
quent expression analysis of the marked gene during early
development can lead to a first categorisation. At present
Tonnie Rijkers is concentrating on the analysis of clones
with an ES cell-specific expression profile.

Thomas Schimmang and Frank van den Hoeven have con-
tinued to analyse mouse mutants obtained by transgene
insertion. They could document that the affected gene in
the add and Xt mutation (Pohl et al., 1990) is the Gli 3
gene (Ruppert et al., 1990). Furthermore, another mutation
called Pdn (Hayasaka et al., 1980) was shown by Thomas
Schimmang to be allelic to Xt and also affected in its Gli
3 expression. At present the molecular changes leading to
the mutations are being analysed in more detail. Also more
data about another mutant which we have called Ft has
been accumulated. In heterozygous Ft mice the digits of
the fore limbs are fused and the thymuses are hyperplastic.
This finding suggests that programmed cell death might
be affected. Homozygous Ft mice die about day 11 of
development and display abnormalities of the brain. Frank
van den Hoeven was able to clone the transgene integration
site and is presently screening for the affected gene.
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Tyrosine phosphorylation

Group leader: S. Courtneidge

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

Assistants: A. Heber, M. Jones*

Protein tyrosine play important roles in cellular
control growth. Many of these kinases are transmembrane
growth factor receptors, whose function is to transduce
signals originating in peptide growth factors into the cell.
However many tyrosine kinases, including those of the src
family, do not span the bilayer, but rather are situated at
the cytoplasmic face of the plasma membrane. The tyrosine
kinases of the src family are nevertheless thought to be
involved in signal transduction, both in the response to
ligands whose receptors themselves lack intrinsic kinase
activity, and for ligands whose receptors are themselves
protein tyrosine kinases. Most of the src family members
are restricted in their expression. However, three (c-src,
fyn and c-yes) have a much broader tissue distribution,
perhaps implying a more universal function. This laboratory
is interested in the protein products of the src, fyn and yes
genes, particularly their roles in normal and abnormal growth
control. We principally study these enzymes in two systems;
in normal cells and in polyoma virus transformed cells.

Polyoma virus transformed cells

The study of transformation mediated by the DNA tumour
viruses has revealed that in the main their transforming
proteins have in themselves no intrinsic enzyme activity.
Rather, these proteins all have a remarkable ability to as-
sociate with a number of cellular proteins. Furthermore,
the ability of the transforming proteins to associate with,
and change the activity of, cellular proteins, appears to be
critical to the transformation process. In recent years, the
characterization of these proteins has advanced, and two
types of interaction have been identified. In the majority of
cases, the tranforming protein interacts with the products of
so-called tumour suppressor genes, which are involved in
negative growth control. Interaction is postulated to inhibit
the function of these cellular proteins, thereby allowing the
cell cycle to proceed, and infection and transformation to
occur. However, in other cases, the transforming protein
interacts with cellular proteins that function positively in
growth control. In this case, transformation arises at least
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in part because the transforming protein activates these
celliular proteins. In either of the above cases, it is clear
that identification of molecules which interact with such
transforming proteins is a means of identifying proteins that
play important roles in the control of normal cell growth.

The transforming protein of the mouse polyomavirus, middle
T antigen is an example of a protein which activates cellular
enzymes. For example, it forms stable complexes with the
protein tyrosine kinases pp60c-src , p59fyn and pp62c-yes ,
and can activate at least two of these enzymes. Middle T
antigen also associates with a phosphatidylinositoI3-kinase,
which appears to consist of two subunits of molecular weight
85,000 and 110,000: while the function of this enzyme is
unknown, it is clear that it is activated in polyomavirus-
transformed cells. Middle T antigen is also able to bind to
two other cell proteins, of molecular weights 63,000 and
36,000, which are the catalytic (36,000) and regulatory
(63,000) subunits of the serine/threonine phosphoprotein
phosphatase PP2A. The consequences of this interaction
are not understood. In addition, since several mutants of
middle T antigen exist which, while able to bind to all of the
above proteins nevertheless fail t6 transform, it is likely that
other interactions of middle T antigen with cellular proteins
also occur.

The middle T antigen of the mouse polyomavirus was until
recently the only characterized middle T antigen. However,
a polyomavirus that causes tumours in hamsters had been
molecularly cloned and sequenced, and predicted to encode
a middle T antigen. This virus was of interest because
it has a very different tumour profile to the mouse poly-
omavirus, causing lymphoma and epithelioma, while the
mouse polyomavirus causes a wide variety of tumours, but
never lymphoma. In addition, the two middle T antigens
were predicted to have only a 40% similarity at the amino-
acid level. Despite the in vivo differences, both middle T
antigens are able to transform established mouse fibrob-
lasts, and we therefore used such cell-lines (in collaboration
with the laboratory of Dr. J. Feunteun (Villejuif, France)) to



characterize and compare the two middle T antigens. We
identified the HaPV middle T antigen as a 45 kDa phospho-
protein. Like its murine counterpart, the hamster middle T
antigen was associated with serine/threonine phosphatase
(PP2A), phosphatidylinositol 3-kinase and protein tyrosine
kinase activities. However, whereas mouse middle T antigen
predominantly associates with pp60c-src and pp62c-yes , we
found that the hamster middle T antigen was associated
almost exclusively with p59fyn . This result reinforces the
notion that the src family kinases, despite their extensive
similarities, are functionally distinct in vivo. Furthermore,
these results raise the possibility that the ability of HaPV
to cause lymphoid tumours may reside in its ability to asso-
ciate with p59 fyn , a potentially important tyrosine kinase in
lymphocytes.

A number of experiments are underway using this poly-
omavirus system. Firstly, we are constructing chimaeras
of p59fyn and pp60c-src , to map the sites which dictate
whether pp60c-src or p59fyn binds. Secondly, we have con-
structed chimaeras of the two middle T antigens, to map
the binding sites for the kinases. Thirdly, in collaboration
with Dr. E. Wagner (IMP, Vienna), we are comparing the
tumour profiles of retroviruses expressing the hamster and
mouse middle T antigens, to determine whether the middle T
antigens themselves are responsible for the tumour profiles
of their respective viruses. Fourthly, we are introducing the
hamster middle T antigen into lymphoid cells, to study its
effects on signal transduction in this system. And finally, we
have begun a comparison of the tyrosine phosphorylated
proteins in cells transformed by the hamster and mouse
polyomaviruses. Preliminary results are very promising, and
suggest that overlapping but distinct sets of substrates are
used in these cells.

src family tyrosine kinases in normal fibroblasts

The binding of the peptide growth factor, PDGF, to cells
which express the receptor for the ligand, leads to a series
of biochemical events which culminate in cell division. The
first step in this process is activation of the intrinsic tyrosine
kinase activity of the receptor, which in turn leads to the
association of the receptor with a number of cellular proteins
including; a phosphatidylinositol 3-kinase (the same enzyme
which is found in association with pp60c-src :middle T anti-
gen), a serine/threonine kinase (Raf-1), phospholipase Cl',
GAP (involved in control of the GTPase activity of the ras
oncogene), and the three ubiquitously expressed members
of the src family. Binding of the src family kinases to the
receptor is also coincident with novel tyrosine phosphory-
lations of the src kinases, as well as an increase in their
intrinsic tyrosine kinase activity. We are addressing three
major topics. Firstly, what sequences on both the receptor
and the src family kinases are required for the interaction to
take place? Secondly, where is the novel phosphorylation
site, is it autophosphorylation or phosphorylation of the src
family kinase by the PDGF receptor, and is this phos-
phorylation responsible for the activation of intrinsic kinase
activity observed? Thirdly, what are the consequences of the
activation of the src family kinases, and is this necessary for
the mitogenic effects of the ligand?

In collaboration with the laboratory of Dr. J. Cooper (Seattle,
USA), we have demonstrated that PDGF receptors lacking
tyrosine at one of their autophosphorylation sites, Y857F,
were unable to bind the src family kinases, whereas mutants
at the other major tyrosine phosphorylation site, Y751 F,
were able to. This is in contrast to the PI kinase and GAP,
which require different sequences for binding, and similar,
but not the same as the binding of PLCl'. It thus appears
that each protein has a separate binding site on the receptor.
For p59fyn this is corroborated by our finding that p59fyn was
able directly to associate with the activated PDGF receptor
in vitro, in the absence of the other proteins. Interestingly,
even though the Y751 F receptor mutant was able to bind
src family kinases as efficiently as·wild-type receptor, they
failed to become activated by PDGF stimulation, implying
the requirement for more than just binding to the receptor
for activation. We have also generated several mutants of
p59fyn , and used these in similar receptor binding assays.
We have used an in vivo system to show that p59fyn did
not need to have kinase activity to bind. Indeed, the only
sequences required for binding were contained within the
SH2 domain of p59fyn . Our in vivo data is thus in good
agreement with the in vitro data of others, demonstrat-
ing specific association between SH2 domains and short
stretches of amino-acids containing phosphotyrosine.

We have also shown that kinase inactive p59fyn , and con-
structs containing amino terminal fragments of p59fyn , be-
come phosphorylated on tyrosine when associated with the
receptor, suggesting that the PDGF receptor is mediating
the novel phosphorylation. We have recently mapped this
tyrosine phosphorylation site, and are in the process of
mutagenising it. In this way, we will be able to ask whether
this phosphorylation is responsible for the activation of
p59fyn kinase activity which accompanies association with
the PDGF receptor.

Finally, we wanted to know whether the binding of the src
family kinases to the PDGF receptor is required for the cell
to respond to PDGF. Our first clue that this may indeed
be the case came from analysis of cells expressing the
mutant receptors mentioned earlier. The Y857F mutant,
which is reduced in its ability to bind src family kinases,
is also significantly impaired in its ability to grow in re-
sponse to PDGF (data from Jon Cooper). Since all the other
proteins known to associate with the PDGF receptor also
associate with this mutant to approximately wild-type levels,
this result suggests that src family kinases may indeed be
required. The same conclusion can tentatively be drawn
from experiments in which we used a microinjection system
to express high levels of kinase inactive p59fyn in cells.
Such cells were unable to enter S phase in response to
PDGF stimulation, whereas cells containing similar levels
of kinase active p59fyn could. We assume that the high
levels of kinase inactive p59fyn compared to the low levels
of active src family molecules caused most PDGF receptors
to associate with kinase inactive molecules which could not
transmit a necessary signal. To test this hypothesis we will
need larger quantities of cells for biochemical analyses. To
that end, we are now attempting to express kinase inactive
p59fyn in an inducible vector, so that we can produce high
levels of the protein shortly before PDGF treatmernt.
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RAS- and adenylyl cyclase-dependent control of the progression of yeast
through the G1 phase of the cell cycle
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Assistant R. Zahn

The RAS gene products positively regulate the progression
of yeast through the G1 phase of the cell cycle. Ttlis conclu-
sion is based upon the observation that yeast cells in which
the function of the Ras2 protein is constitutively activated
by a point mutation cannot arrest in G1 (Toda et al., 1985).
On the contrary, cells with a disrupted RAS1 gene and
with a non-functional RAS2 gene are found predominantly
as unbudded, G1-arrested cells (De Vendittis et al., 1986).
Beside 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 adap-
tative responses such as sporulation and thermotolerance
(Toda et al., 1985; De Vendittis et al., 1986). Most if not
all the effects of Ras proteins are thought to be mediated
by a stimulatory effect on adenylyl cyclase, encoded by the
gene CYR1 (Toda et al., 1985; De Vendittis et al., 1986). In
addition to RAS and CYR1, other cellular components like
the exchange factor CDC25 and several protein kinases act
as positive regulatory elements of the pathway (Toda et al.,
1985, 1987, 1988; De Vendittis et al., 1986).

The questions that we have attempted to answer during
1991 are the following. How do cellular factors regulate the
conversion from the inactive to the active form of Ras? Why
is the GTP-bound form and not the GDP-bound form of Ras
active in the stimulation of adenylyl cyclase? Is the regula-
tion of adenylyl cyclase the only function of Ras? During this
work, we have generated mutant strains that will facilitate
future approaches to the problem of the interaction between
Ras/adenylyl cyclase and other regulatory pathways.

Mutated Ras proteins with amino-acid
changes in the region 80-81 are insensitive
to a nucleotide exchange factor

An initial genetic approach has allowed us to identify four
regions of the Ras2 protein where single amino-acid sub-
stitutions were capable of deregulating the function of the

protein. These regions are centered around positions 19,40,
70, and 82-84. For the function of the first three regions see
the report from 1990. This year, we have used site-directed
mutagenesis to generate additional mutants at positions 80,
81, and 83. All the mutants at positions 80-81 have been
found to display a growth defect phenotype. The defect
could be rescued by an additional activating mutation at
position 19, thus suggesting that the mutants were defective
in the physiological activation mechanism rather than in
their interaction with downstream targets (Verrotti et al.,
submitted). Since the rate-limiting step in Ras activation is
catalyzed by the CDC25 exchange factor, we have tested
biochemically the interaction of the mutated Ras2 proteins
with a Cdc25-like protein that has been shown to act as
an exchange factor in vitro (Sdc25, Crechet et al., 1990).
Wild-type and mutated yeast Ras2 proteins (Ras2-R80D,
Ras2-R80D-N81 D) have been purified from E.coli cells car-
rying appropriate expression vectors, using a new proce-
dure developed in our laboratory by C. Kavounis (Kavounis
et al., 1991). In a collaborative effort with the group of
Dr. Andrea Parmeggiani (Ecole Polytechnique, Palaiseau,
France), we have found that the mutated proteins were
insensitive to the exchange factor (Verrotti et al., submit-
ted).

A molecular mechanism for exchange
factor-stimulated release of GOP from Ras

The biochemical analysis of Ras mutants that were initially
found as temperature-sensitive lethals (Fasano et al., 1988)
has provided important clues to the solution of this prob-
lem. Biochemical analysis of a purified Ras2-G82S mutant
protein has shown that the replacement of Gly 75 by Ser
did not modify the affinity of Ras for GDP, but it decreased
the affinity for the GTP analog Gpp(NH)p (Kavounis et al.,
1991). We concluded that, despite the length and great
thermal mobility of the region linking Gly 75 to nucleotide-
proximal residues, the modification of Gly 75 can influence
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the nucleotide binding site. A possible explanation is that the
linking region (L4-Q2-L5; Schlichting et al., 1990) is mobile
in some directions, but that it is relatively rigid in linking
nucleotide-proximal with distal residues. This suggested that
the binding of macromolecular effectors of Ras to the region
L4-Q2-L5 could influence the binding of the nucleotide, and
vice versa. The finding that residues 80-81 (within Q2,
see preceding paragraph) are critical for interaction with a
nucleotide exchange factor strongly suggests that the latter
stimulates the release of the bound nucleotide via loop L4
(Verrotti et al., submitted).

How does Ras stimulate adenylyl cyclase?

This problem has been approached using a combination
of genetic and biochemical techniques. We previously es-
tablished that the yeast adenylyl cyclase is functionally
inactive in the absence of Ras proteins, and the synthesis of
cyclic AMP is activated by the presence of the GTP-bound
form of Ras (De Vendittis et al., 1986). We also found
that single amino-acid substitutions at position 1651 of the
adenylyl cyclase resulted in a detectable activity even in
the absence of Ras (De Vendittis et al., 1986). This could
be explained by a model in which: (1) regulatory. N-terminal
regions of adenylyl cyclase negatively and reversibly regu-
late a C-terminal catalytic domain in the absence of Ras;
(2) amino-acid residue 1651 is critical for the interaction
between regulatory and catalytic domains. According to the
model, the Ras-independent activation of catalytic function
by single amino-acid substitutions at position 1651 could
be explained by a reduced interaction between inhibitory
and catalytic domains. A prediction of the model was that
some amino-acid substitutions at position 1651 could lead to
a stronger interaction with regulatory domains, thus result-
ing in hyperinhibition of catalytic function. This prediction
has been confirmed by the finding that the introduction of
negatively charged residues at position 1651 could reduce
the weak activation of the catalytic domain that follows the
over-expression of the adenylyl cyclase in a ras- back-
ground (Feger et al., 1991). In agreement with the model,
the removal of N-terminal domains from the enzyme carrying
a negatively charged residue at position 1651 resulted in
reactivation of the function of the catalytic domain (Feger et
al., 1991).

We have taken advantage of the enzyme carrying a neg-
atively charged residue at position 1651 to select for ran-
domly induced mutations that could reactivate the function
of the attenuated adenylyl cyclase. We have identified point
mutations, leading to single amino-acid substitutions at po-
sitions 1331, 1345, 1348, and 1374, individually capable of
reactivating the mutated enzyme (Feger et al., 1991). These
residues define a new region of adenylyl cyclase that is
involved in the negative control of the catalytic domain in
the absence of Ras. In addition, adenylyl cyclase mutants at
positions 1331, 1345, and 1348 display an increased affinity
for Ras proteins in vitro. The activity of the mutants could
be stimulated even by human Ras proteins contained in
total membrane preparations from normal and oncogenically
transformed mammalian cell lines (Seidita et al., in prepa-
ration).
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Identification of elements linking Ras and
adenylyl cyclase to other cellular pathways

This part of the programme has been carried out using
genetic techniques to identify genes that have a functional
relationship with Ras. We have isolated two genes, originally
called PR3E and KOM1 (Carra et al., 1989), 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 appeared to be
alleles of TPK3 and SCH9, respectively. These genes had
been previously identified as suppressors of a temperature-
sensitive CDC25 function (Toda et al., 1987, 1988). We
are continuing to explore the relationship between TPK3,
SCH9 and other elements of the pathway by genetic and
biochemical techniques.
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Homeobox containing genes and the molecular biology of vertebrate development
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The mammalian genome contains about 40 members of
the Hox gene family. These genes are clustered in four
complexes (HOX-1,-2, -3 and -4) and encode proteins
(homeoproteins) harbouring a homeodomain related to that
present in the Drosophila homeotic genes. Homeoproteins
are probably transcription factors involved in the key con-
trol of morphogenetic events such as instructing various
cells on their positions and fates along the major body
axes. Though the target genes of such homeoproteins
are not yet known, it is believed that various combina-
tions of such proteins could differentially affect the same
or different genes located "downstream" in developmental
pathways and therefore finally lead to cytodifferentiation.
Recent results obtained by introducing perturbations in such
homeoprotein combinations support this hypothesis. DNA
and protein sequence comparisons between Hox genes
suggests that gene duplication generated, during evolution,
the ancestral Hox complex which was in turn duplicated to
give rise to the multicomplex organization·reported in most
of the vertebrate species studied so far. These large scale
duplication steps may not have occurred in arthropods since
Drosophila contains only one copy of such an ancestral
complex. In this case, it appears that this complex was split
to give rise to the two known Bithorax and Antennapedia
homeotic gene complexes, whereas other arthropods such
as beetles may still have a unique cluster of homeotic genes.
It thus becomes clear that this family of genes has been
strictly conserved during evolution in most, if not all, animal
species that show an antero-posterior (AP) asymmetry.

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

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

Structure and function of the HOX·4 complex

The HOX-4 complex (formerly called HOX-5) has been
entirely cloned and characterized. It contains eight genes
with a homeobox. We have focused on the first 5' genes
of the complex and found that they are all cognates of
the Drosophila gene AbdB. These genes (from Hox-4.4 to
Hox-4.8) are all expressed in very posterior areas during
development and are therefore believed to specify positional
information required for the ontogeny of the posterior part of
the vertebrate body. We have extensively characterized the
most 5'-located gene (Hox';4.8) and were able to link it to the
evx-2 gene, a gene which is not a member of the HOX-4
complex (in collaboration .with P. Gruss, G6ttingen). This
gene is thus the last member of the HOX-4 complex and
we have therefore initiated experiments aiming to disrupt it
via homologous in ES cells (in collaboration
with P. Chambon, Strasbourg). Mice carrying the mutant
allele have been obtained' and the consequences of such
an inactivation should be known soon.

Hox promoter analysis in vitro and in
transgenic mice

The Hox-4.4 promoter has been extensively studied in mice,
humans and chickens. Sequence comparisons revealed
highly conserved areas and some of the factors binding
the sequences in these areas are currently being analysed.
Various pieces of the mouse Hox-4.4 promoter have been
reintroduced into transgenic mice, driving the bacterial lacZ
gene as a reporter. Preliminary results indicate that the
complete region between Hox-4.4 and Hox-4.5 is neces-
sary to obtain an expression pattern similar to that of the
endogenous gene. Short DNA sequences (20 bp) have
been defined which are important for the regulation of the
Hox-4.4 gene through both their interspecies conservations
and their abilities to fix factors present in various cell-lines.
One of these factors is present in undifferentiated cells only,
and is down-regulated upon retinoic acid treatment. We are
currently trying to isolate and clone this protein. We have
extended the transgenic studies to the Hox-4.6 promoter
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and have defined a piece of DNA which seems to contain
the information necessary to reproduce a large part of the
expression pattern. We have used various treatments with
retinoic acid to see whether the transgene would respond to
this teratogenic compound in a way similar to the endoge-
nous gene. We are pursuing other experiments to assess
the importance of the clustering in the regulation of Hox
gene expression.

The functions of the Hox-4 homeoproteins

Six Hox-4 homeoproteins have been introduced into bacte-
rial as well as into eukaryotic expression vectors. In vitro
binding assays have shown that proteins made in these
vectors can bind to various Hox consensus DNA sequences
which are found in some of the Hox-4 promoters. We
therefore analysed the homeoproteins' potential to trigger
transcriptional regulation in cotransfection assays. We found
that the presence of Hox consensus sequences upstream
of the luciferase reporter gene allows a transactivation in
the presence of cotransfected Hox proteins. This indicates
that transcriptional regulation probably occurs within the
Hox network. We have searched for possible differences in
the binding affinities of Hox-4 in vivo produced proteins by
using the binding site selection technique. We compared the
affinities for different selected sites of proteins belonging to
three different classes, AbdB-like, Dfd-Iike and Ubx/scr-like.
Preliminary results suggest that various types of homeo-
boxes could recognize slightly different binding sites.

The Hox genes and the morphogenesis
of the vertebrate limb

We have extended our work on the chicken wing system (in
collaboration with C. Tickle and L. Wolpert, London). Hox
gene expression was analysed after various manipulations
affecting wing patterning. We found that the Hox-4 genes
can be reactivated in vivo by treatment with retinoic acid.
If this treatment is applied at the anterior margin of the
developing wing, a duplication of the Hox-4 expression
patterns is observed in parallel to the duplication of the
wing digit pattern. This suggests that the Hox genes could
be under the regulation of retinoids (whose morphogenetic
potentials are well documented) and that they are directly
involved in setting up both the axis polarity and digit pattern
in this system. The response of Hox genes to polarizing ac-
tivity was analysed in interspecific mouse/chicken grafts of
different mouse polarizing tissues. We also investigated the
relationships between Hox gene expression and epithelial-
mesenchymal interactions that mediate growth of the limb.
This set of experiments has substantially increased our
knowledge of the connexions between growth and pattern-
ing.

Pattern formation in the forebrain

In collaboration with Di Lauro's group, we have investigated
the potential involvement of two novel families of homeo-
box containing genes during the development of the brain.
These two families are composed of genes related to the
Drosophila distal-less and NK-2 genes and are strongly
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expressed in specific areas of the telencephalon and dien-
cephalon during early brain development. The comparison
between the patterning strategies of these families and the
HOX network should be extremely informative in the context
of the phylogenetic relationships between the evolution of
segmentation mechanisms and their patterning systems.
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Signal-dependent transcription regulation by nuclear proto-oncogene products
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An important aspect of the control of differential gene ex-
pression in eukaryotes relies on sequence-speci'fic DNA-
binding transcription factors. Upon binding to their cognate
recognition sequences adjacent to or within target genes,
they can modulate transcription rates in a gene-selective
manner. The effect of DNA-binding transcription factors
on gene activity can either be constitutive, or it can be
modulated by cues from the extracellular environment. In
the latter case the inducible transcription factors are part of
a system that converts extracellular signals into changes
of the gene expression pattern of a cell. Many of the
known signal-responsive transcription factors are encoded
by proto-oncogenes. This finding implicates these proteins
in the control of cell growth and in mitogenic signal transduc-
tion pathways, and adds an additional level of interest and
more excitement to studying them. Questions that we are
investigating include: What are the mechanisms by which
molecular signals can be transmitted to transcription factors
and how do they influence their function? What is the role
of specific DNA-binding transcription factors, in particular
those encoded by proto-oncogenes, in signal-dependent
processes such as growth control and cell differentiation?

Quick protein expression and purification
system for mammalian cells

For the functional characterization of transcription factors
with biochemical methods it is desirable to obtain pure
preparations of the factor under study from cells that nor-
mally express these factors and thus are competent to
modify them in ways that are important for their inducible
function. To be able to obtain readily such preparations, we
modified the His-tagging approach of protein expression and
purification that has been successfully used by others in
viral and bacterial systems for use with transient expres-
sion into mammalian tissue culture cells. Several series
of vectors were constructed for this purpose and tested
with the c-ets-1, c-ets-2, c-jun, v-jun and c-fos genes. The

vector system is easy to manipulate, transfection is carried
out by liposome-mediated DNA transfer and thus does not
require the use of infectious agents. The expressed protein
can be purified quickly under conditions that preserve even
short-lived proteins and protect sensitive post-translational
protein modifications. The yields of protein (in the J-Lg range)
are adequate for most of our biochemical experiments. His-
tagged transient expression vectors have been instrumental
in the functional characterization of c-Jun phosphorylation
and ubiquitination (see below) and are now applied for the
further analysis of c-Ets transcription factors.

Regulation of AP-1 on the post-translational level

One of the most striking features of the transcription factor
AP-1 is the complexity of its regulatory functions. AP-1-
binding sites in promoter or enhancer regions mediate,
depending on DNA context and cell type, a positive or
negative alteration of target-gene transcription in response
to a plethora of extracellular factors, including many growth
factors and cytokines, as well as cell-cell interactions and
membrane depolarisation. The molecular basis for this multi-
faceted regulation by AP-1 is now beginning to emerge,
and this group has spent some dffort in elucidating vari-
ous aspects of signal transduction and gene regulation by
AP-1 factors. The complexity of AP-1 function is already
reflected on the level of its molecular composition. AP-1 is
constituted of multiple gene products including those of the
proto-oncogenes c-jun and c-fos. Proteins of the Jun and
Fos type have to dimerize via leucine zipper structures to
form functional AP-1 transcription factors. It is plausible to
assume that different members of the AP-1 family have the
potential to respond to different signal transduction path-
ways and extracellular stimuli, and differ in their regulatory
characteristics. In this way the particular combination of
Jun and Fos factors determines the signal responsiveness
and transcriptional properties of AP-1 within a given cell.
We focused on the study of the molecular mechanisms
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by which the AP-1 factors Fos and Jun can alter their
transcriptional function in response to extracellular stimuli
and how they can interact to convert this signal into a
change of gene expression. Studies on c-Jun employing the
His-tag expression method in combination with a modified
"south-western" assay revealed the presence of negatively
acting phosphorylations onc-Jun protein that keep it in an
inactive non DNA-binding form. c-Jun isolated from TPA-
stimulated cells lacks these inhibitory phosphate groups.
Such inducible transcription factor dephosphorylation and
concomitant activation might explain how Jun directs the ac-
tivation of immediate-early response genes, the first genes
to be activated after cell stimulation. Another aspect of AP-1
function that was studied is the control of protein stability.
This important parameter of transcription factor function also
appears to be regulated by protein phosphorylation and is
possibly also dependent on extracellular signals. In vitro
experiments have indicated that reversible protein phospho-
rylation can target c-Fos for rapid degradation. Interestingly,
mutagenesis studies show that the critical phosphate groups
are present on c-Jun in a Fos-Jun heterodimer. A func-
tional leucine zipper is required for this trans-destabilisation
of c-Fos but the negatively acting phosphate groups that
regulate the DNA-binding activity of c-Jun (see above) do
not appear to be involved. Jun and Fos proteins are targets
for ubiquitination which often marks proteins for degradation
by a specific proteolytic pathway. Studies are underway to
establish how protein phosphorylation can be a signal for
protein degradation and whether the ubiquitin pathway is
involved in this effect.
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Molecular characterization of the transcriptional
activity of c-Ets

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

Group leader: R. Zeller

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

Visitor: A.E. Carrasco*

Assistants: P. Blundell, D. James*

A major unsolved question in the analysis of embryonic de-
velopment is how early embryonic cells become committed
to develop into highly specialized cell types. To unravel and
study the molecular and cellular mechanisms that determine
patterns during vertebrate embryogenesis, we use the de-
veloping chicken limb bud as a model. The chicken embryo
system allows us to combine the powerful tools of molecular
biology with classical experimental embryology. Such stud-
ies allow us to analyse the hierarchy of the molecular events
controlling embryonic morphogenesis and differentiation in
vivo in the developing embryo.

Alternative splicing of the bFGF gene
during chicken embryogenesis

An important role for peptide growth factors in inductive
events during embryogenesis has been established by
several research groups. We have previously isolated the
chicken bFGF transcripts and analysed their expression
pattern during embryogenesis. In the course of these studies
we discovered alternative splicing of the exon encoding the
amino-terminal part of bFGF during embryogenesis.

We have now succeeded in isolating this alternatively
spliced transcript and shown that it encodes a 147 amino-
acid protein. In embryos the alternatively spliced bFGF tran-
script and the bonafide bFGF mRNA are equally abundant.
In all adult tissues and lines analysed the regular bFGF
transcripts are much more abundant than their alternatively
spliced counterparts. These results might explain why al-
ternative splicing of the bFGF transcripts has not been
previously reported and suggests roles for the encoded
altered bFGF protein during embryogenesis. Currently we
are in progress of analysing the distribution and function of
the different bFGF gene products during embryogenesis by
using specific antisera.

The limb deformity (Id) gene encodes
evolutionary highly conserved nuclear
proteins expressed in specific cell types
during embryonic pattern formation

The murine Id mutation was previously shown to affect
morphogenesis of both limbs and kidneys and the affected
gene has been isolated. We have isolated the chicken Id
gene and shown evolutionary conservation of the encoded
Id gene products. Two polyclonal antisera raised against
the Ld proteins allowed us for the first time to study them,
determine their intracellular localisation and temporal and
spatial distribution pattern during embryogenesis.

A major 180 kDa Ld protein is expressed in chicken embryos
and certain adult tissues. The proteins are localized in the
nuclei of different embryonic cell types in a characteristic
punctate pattern. In the developing chicken limb bud they
are expressed in the newly differentiated apical ectoder-
mal ridge and the mesenchymal compartment, where an
unequal distribution along the anteroposterior and subse-
quently the dorsoventral axes is observed. During kidney
morphogenesis expression is irlitially restricted to the ep-
ithelial compartment of the pro- and mesonephros. These
results correlate well with the previous analysis of the murine
Id phenotype and imply determinative roles for Id gene
products during morphogenesis of limbs and kidneys. Unex-
pected expression in the notochord, floor plate and ventral
horns suggests an involvement of the Id gene products in
establishment of the dorsoventral polarity of the neural tube.

Molecular analysis reveals affinity of the Ld proteins for DNA
and suggests their involvement in transcriptional regulation
of embryonic development. The very basic carboxy-terminal
domain shows no significant homologies to other known
DNA binding motifs. It is therefore likely that the Ld proteins
belong to a novel class of DNA binding proteins. Currently
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we are trying to isolate their potential DNA binding sites to
eventually identify target genes.

Ectopic expression of genes during
limb pattern formation

We have established a method to express ectopically genes
of interest during limb morphogenesis. We have charac-
terised the system in detail and succeeded in expressing
a retroviral vector carrying a ,B-galactosidase marker gene
without interfering with wild-type patterning. Depending on
the position and time point of grafting very limited or wide
spread expression of the marker gene is observed. Currently
we are expressing the Id gene ectopically or interfering with
its wild-type expression pattern using a retrovirus producing
an anti-sense transcript.
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This system should allow us to interfere with the wild-type
expression pattern of the bFGF and other genes of interest
as well. Analysing the expression patterns of different genes
in such manipulated limb buds will allow us to study the
possible interactions and hierarchy of their gene products
during limb pattern formation in vivo.
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Cell cycle control in yeast and mammalian cells

Group leader: G. Draetta

Fellows: V. Baldin, G. Basi, B. Ducommun, I. Hoffmann*, M.J. Marcote*, M. Pagano, I. Roussou, G. Superti-Furga*

Visitor: J. Lukas*

Assistant: M. Stein

In uni- and multicellular eukaryotes, the cell cycle control
machinery is targeted by both proliferative and developmen-
tal signals. A complex biochemical network is responsible
for ensuring that eukaryotic cells proceed through specific
checkpoints, which monitor events such as the execution of
DNA replication, mitosis or cytokinesis. This will prevent cell
cycle progression if a particular function has not been ac-
complished. The cyclin-dependent kinases (cdks), of which
cdc2 was the first identified member, play a key role in
this regulatory network. We are studying the biochemical
regulation of these kinases, and at the same time are
trying to identify, using biochemistry and genetics, upstream
regulators of the cdks.

Cdc2 phosphorylation and cyclin binding
(B. Ducommun &M.J. Marcote)

The alanine scanning mutagenesis technique has been
used successfully to study protein-protein interaction since,
compared to other methods, it affects only minimally the
overall protein structure. Therefore we replaced charged
amino-acids residues contained within (3-6 amino acids)
stretches spanning the entire cdc2 sequence, with alanine.
This resulted in very limited alterations of the overall cdc2
structure, as tested by several different criteria. Several
regions in the cdc2 protein which are required for its binding
to cyclin were identified using this technique. In the course
of these studies we found that mutations of cdc2 on a
conserved threonine residue (T161) inhibit cyclin binding.
T161 is phosphorylated in vivo, and efficient binding of cdc2
to cyclin only occurs in the presence of a cellular factor,
yet to be identified, which might be phosphorylating cdc2
on T161. Further work is now focusing on the identification
of this factor. We are also attempting at creating a cdc2
catalytic subunit which is active in the absence of the cyclin
subunit by building chimaeras with other protein kinases.

In collaboration with Susan Taylor and Daniel Knighton (Uni-
versity of California, San Diego) we are now modelling cdc2
on the structure of the cAMP-dependent protein kinase,
in order to map the cyclin binding domain on a three-

dimensional model, and proceed to study the cyclin-cdc2
interaction in further detail.

Regulation of the human cell cycle
(M. Pagano, V. Baldin, I. Hoffmann & J. Lukas)

We have generated antibodies against various human cell
cycle proteins, and have characterized the cyclin A kinase.
Cyclin A is associated with the E1A nuclear oncogene
product in cells infected with adenovirus, forming a complex
which is involved in mediating the proliferative response of
cells to the virus. Cyclin A kinase appears as a broad peak
of activity during S-phase and G2. Cyclin A is bound to
both cdc2 and to cdk2, a recently identified cdc2 homolog.
We have demonstrated that microinjection of anti-cyclin A
antibodies in G1 blocks cells before S-phase, while microin-
jection in G2 prevents entry into mitosis, suggesting a dual
function for cyclin A in the human cell cycle.

In collaboration with P. Jansen-DQrr (German Cancer Re-
search Centre, Heidelberg) we have been studying the cell
cycle regulation of the E2F transcription factor, a target
of E1 A, which binds both cyclin A and the retinoblastoma
gene product (pRb). It has been demonstrated that E1 A
is able to displace pRb from E2F, and to activate E2F-
dependent transcription. We have found that cdk2, but not
cdc2, is a component of E2F (,Jmplexes. In addition, we
have found that binding of cdk2 to E2F only occurs in cells
undergoing S-phase, coincident with the formation of an
active cdk2/cyclin A kinase. The functional role of the cyclin
A/cdk2/E2F interaction is presently being investigated.

Identification of novel genetic pathways
linked to cell cycle and growth control
(I. Roussou &G. Superti-Furga)

In both budding and fission yeast many cell cycle control
genes have been discovered, and this has often allowed
the identification of their homologs in higher eukaryotes.
We have generated cDNA banks in S.pombe inducible
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vectors (developed by G. Basi in collaboration with Kin-
sey Maundrell, Glaxo, Geneva). Using these banks we are
screening for novel extragenic suppressors of known cell
cycle mutants.

We are also interested in cloning the S.pombe homologs of
mammalian genes whose products are involved in growth
control. Such candidate genes include casein kinase II and
mitogen-activated protein (MAP) kinase homologs. We have
recently cloned the genes encoding S.pombe casein kinase
II, and are studying the regulation of this enzyme in the yeast
cell cycle.

The Suc1 protein
(G. Basi·& B. Ducommun)

Suc1 was identified as an extragenic suppressor of
temperature-sensitive cdc2 mutants. It encodes a 13 kDa
protein, which is present also in higher eukaryotes. Suc1
binds cdc2 both in vivo and in vitro, and we have mapped
the sites in cdc2 which are involved in suc1 binding. In
addition we have purified large amounts of the suc1 protein
to elucidate its three-dimensional structure. The functional
role of suc1 in the yeast cell cycle is also bein'g actively
investigated.
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Pattern formation by cell recruitment in the Drosophila eye

Group leader: M. Mlodzik*

Fellows: G. Begemann*, M. Zeidler*

Assistant: U. Weber*

The generation of neuronal diversity is a major unsolved
problem of developmental biology. To study the molecular
interactions and mechanisms that specify pattern formation
and differentiation during nervous system development, we
are using Drosophila, in particular its compound eye, as a
model system. Cell fates in the developing Drosophila eye
are not determined by lineage, but rather exclusively by local
interactions among neighbouring cells. Due to its repetitive
structure of 800 units, or ommatidia, each comprising 20
cells that can be identified at air developmental stages, the
compound eye provides a unique system to study cell-cell
interactions and differentiation at the single cell level. Work
of other laboratories has shown that each of these units
is assembled around a founder cell, the photoreceptor R8,
by sequential inductive events. Working with the Drosophila
eye also allows us to combine the powerful tools of molecu-
lar biology with classical genetics and detailed morphology.

A description of the work in progress and of our research
plans is given below.

Specification of photoreceptor cells
via the seven-up gene

Our previous enhancer trap screen has identified seven-up
(svp) as one of the genes required for the development
of 4 of the 6 outer photoreceptors. svp encodes a steroid
receptor homolog with a yet unidentified ligand (Mlodzik et
al., 1990). Recently we have been able to show that svp,
when ectopically expressed in non-neural cells, can change
the fate of these cells to an outer photoreceptor cell fate.
Generation of antibodies specific to the respective domains
of the two svp protein forms and identification of cis-acting
regulatory elements are underway. Current projects focus
on the identification of genes that interact with svp, either
upstream or in parallel to its function (e.g. a ligand), or are
its target genes. To this end we have generated in vitro
mutations in different domains of the gene. After introduc-
tion of these mutations into the fly we observe dominant
phenotypes that should allow us to identify interacting and
target genes by genetic and biochemical techniques.

Analysis of other enhancer trap lines
expressed during eye development

Several enhancer trap lines with interesting expression pat-
terns during ommatidial assembly which we have previously
identified are being investigated. The genes that correspond
to these expression patterns are being analysed at the
molecular level and phenotypic analyses have been initiated
as well. So far at least one of these lines, F112, appears
involved in the specification of a subset of outer photorecep-
tors. Moreover, its expression pattern is overlapping with the
one of svp and the expression and phenotype of F112 are
consistent with the idea that F112 is required downstream
of svp in the same cell type. The analysis of other lines and
the respective genes is not as advanced yet, nevertheless,
the results obtained so far suggest interesting features of
these genes during ommatidial assembly.

The scabrous gene and its function
during the generation of the spacing
patterns during Drosophila neurogenesis

Scabrous (sea) has been identified as a gene required for
the restriction of the correct number of ommatidial founder
cells, R8, and other neural prec:Jrsor cells. Its expression
pattern and phenotype in different tissues suggest that the
formation and specification of different organs of the adult
peripheral nervous system depend on a similar machanism.
Because sea codes for a secreted protein, it is a good can-
didate for an inhibitory signal released by differentiating R8
and other neural precursor cells to prevent their neighbours
from becoming cells of the same character (Mlodzik et al.,
1990; Baker et al., 1990). However, the genes that control
the initiation of ommatidial assembly are not known. A
systematic analysis of genes interacting with sea cis-acting
elements might lead to the identification of such genes. To
that end an analysis of the sea regulatory elements has
been started. To isolate genes that interact with sea in the
formation of neural precursor cells, a genetic approach has
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been initiated. So far, sca appears to interact with most
of the other "neurogenic genes" and potentially it could be
involved as one of the ligands for the transmembrane protein
encoded by Notch.
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Biological Structures and Biocomputing Programme

Introduction

Classical biology becomes molecular biology when it is
combined with an understanding of structure and function
at the molecular level. The study of structural biology today
is one which combines a diverse range of techniques and
impacts all areas of modern molecular biology. It remains
the field of biology which investigates the complexity of
molecular structure in an attempt to understand biological
processes.

The past year has seen our Programme attain its imme-
diate goals in terms of recruiting groups to complement
its ongoing activities in x-ray crystallographic, biocomput-
ing, electron microscopy and biochemistry groups and to
fulfill our mandate to recruit several new groups to the
biocomputing area. Five new groups have been recruited
to the Programme over the past year. A major addition
in the Programme is that of NMR and the groups of

Hartmut Oschkinat, Annalisa Pastore and Michael Nilges
who specialize in the use of this technique in the deter-
mination of the structures and dynamics of proteins. The
range of molecules under study by these groups runs from
DNA-binding domains through sorting signals to membrane
proteins and hence nicely overlaps the other work in the
Programme. Rebecca Wade's group which utilizes molec-
ular dynamics for the understanding of the molecular in-
teractions which form the basis for catalysis and recog-
nition has also joined us recently and will complement
both experimental and theoretical work by a number of
groups in the Laboratory. Finally the work on predicting the
effect of mutations on protein structure which was done
primarily at the theoretical level has been boosted by the
arrival of Luis Serrano's group, which is using mutagene-
sis to probe the energetics of protein folding experimen-
tally.
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Structure of DNA-binding and membrane proteins

Group leader: D. Tsernoglou

Scientists: G. Pal, M. Parker*

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

Visitors: A. Athanasiadis*, U. LangO, V. Nastopoulos*

Assistants: E. Penka, A. Tucker*

Membrane proteins

Colicins

The structure of the pore-forming fragment of colicin-A was
refined to 2.4 A resolution with an R-factor of 0.18. The
refinement confirmed the structure as reported earlier (e.g.
Parker et a/., 1989). Additional efforts were directed in
checking the validity of ideas put forward about the mode
of insertion of colicin into membranes (Parker et a/., 1990).
Insertion of disulphide bridges gives support to the "umbrella
model" (Ioc. cit.). For more details on this point see the report
by Franc Pattus. We have also obtained good crystals of
the disulphide mutants. Their study by x-ray diffraction is
under way. We are similarly trying to solve the structure
of the entire colicin N. The task of looking for heavy atom
derivatives is made difficult by the fact that the unit cell is
large and cubic.

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

The general features of this protein were reported last
year. Electron microscopy work by Kevin Leonard on thin
crystals (see his report) showed that the aerolysin pore is
a heptamer. It is impossible to superimpose our structure
directly to that observed in electron microscopy. However,
our observed domains fit reasonably well with the density
obtained by Kevin Leonard (Plate 11).
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a-toxin of S.aureas (with S. Bhakdi, University of Mainz)

Last year we reported that attempts to crystallize the toxin
monomer lead to small crystals of the hexamer. Repeated
efforts to speed up the crystallization (which takes several
months) and increase the size of the crystals were unsuc-
cessful. However, it was possible to obtain good crystals
starting from the hexamer in the presence of detergent
(deoxycholate). The crystals are shown in Plate 12. They
are well shaped and diffract to at least 3.2 A. They survive in
the x-ray beam for over one week. Precession photography
showed that they are orthorhombic, space group P2,2,2 with
a=174.3A, b=174.2A and c=100.1 A. For an Mr 200,000
per asymmetric unit this leads to a Vm of 3.8 A3/Da which
is rather high for water-soluble fJroteins but not unusual if
detergent is present. We are currently looking for heavy
atom derivatives and hope to use the expected local six-fold
axis in the structure determination. In this case (unlike colicin
and aerolysin) we have the potential of directly observing the
protein arrangement within the pore.

Other work

The crystallographic study of the "Rop monomer" (in which
the helices of a Rop dimer are connected in the "wrong
order") was hindered by the poor diffraction of the crys-
tals. Last year a new point mutant (where in the second
loop a proline was replaced by an arginine) resulted in



PLATE 11

Aerolysin: A composite of x-ray crystallography and electron mi-
croscopy (see also report by Kevin Leonard).

PLATE 12

Crystal of alpha-toxin.

PLATE 13

Crystal of "Rop monomer" mounted in drawn capillary to prevent
movement during data collection.
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PLATE 14

Crystal of SecA.

PLATE 15

Crystals of SeeS.

better crystals (Plate 13) which are certain to lead to the
structure, either through molecular replacement or through
heavy atom derivatives (for more details see 1989 report by
Chris Sander). The new crystals are monoclinic a=46.9 A,
b=51.5 A, c=1 07.5 A, {3=111.6°. Progress was also made
in the structure determination of adenovirus 5 dbp (DNA-
binding protein, studied in collaboration with P. van der Vliet
of Utrecht & P. Tucker of EMBL). Much of the structure
can be seen, however the parts believed to interact with
DNA appear mobile and are difficult to observe in the native
structure. Work aimed at obtaining co-crystals with DNA is
underway (see report by Paul Tucker).

An exciting new development has been our expansion in
the field of chaperonins. Large (2xO.5xO.5 mm) crystals of
GroEL have been obtained. They diffract strongly but not
beyond about 5 A. We are trying to improve their quality.
Crystals of SecA and SecB were obtained at the end of the
year (Plates 14 and 15).
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Structural studies on actin and DNA-binding proteins

Group leader: D. Suck

Scientist: T. Ceska
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Visitor: E. Wolf*
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Our research is focused on two areas: the structural basis
of protein/nucleic acid interactions and the structure and
function of actin. The principal experimental technique we
are using is single crystal x-ray crystallography.

Actin

During the past year we continued our efforts to express
skeletal muscle actin and actin mutants in E.coli using
various expression systems. Large quantities of a protein
containing the small domain of actin and some 35 residues
from the C-terminus could be purified from inclusion bodies.
The refolded protein inhibits DNase I, but so far we have
not been able to obtain useful amounts of functional pro-
tein, either because the protein was not properly folded or
because of solubility problems due to strong aggregation.
Likewise, the attempts to adopt the sarcosyl lysis method,
which had successfully been applied to Dyctostelium actin,
to produce recombinant skeletal muscle actin or its mutants
in E.coli failed. Very recently, a mutant containing only the
N-terminal domain of actin could be expressed in E.coli
without formation of inclusion bodies. The protein appears
to be soluble and is presently being characterized.

To avoid the solubility problem we have established a Bac-
ulovirus expression system and have expressed skeletal
muscle actin c-DNA and a mutant with a deletion in the
264 to 273 loop region thought to play an important role in
the formation of the F-actin filament.

DNase I

Bovine pancreatic deoxyribonuclease I (DNase I) is an
unspecific endonuclease, but its cutting rate shows a
strong sequence-dependence. We are investigating the
structural basis of this sequence selectivity by determining
the three-dimensional structures of DNase I or mutants of
DNase I complexed with double-stranded oligonucleotides.
The structures of two complexes with self-complementary
octanucleotides have been solved and refined at high reso-
lution showing that DNase I interacts in the minor groove
and with the sugar phosphate backbone of both DNA
strands. DNase I binding induces a widening of the minor

groove and a bending of the DNA towards the major groove.
While these distortions are common to both duplexes, a
detailed analysis reveals distinct differences in the local
DNA conformation which has to be attributed to the different
sequences of the oligonucleotides. In particular, the base
pairs in the d(GGTATACC)2 duplex (Octa V) are displaced
by about 1.5 Afurther from the helix axis than in the Octa I
duplex (d(GCGATCGC)2), giving rise to a conformation
somewhere between the canonical A- and B-forms of DNA
and to an inter-strand purine-purine stacking at the T-A
steps. Most probably it is the shallower minor groove which
makes Octa V more resistant towards DNase I cleavage
than other octanucleotides.

Site-directed mutagenesis experiments (in collaboration with
B. Connolly, Southampton University) have meanwhile con-
firmed the critical role of two histidines (H134 and H252)
for catalysis. The disposition of residues around the scissile
phosphodiester bond in the Octa V complex suggests that
H252 acts as a general base abstracting a proton from
the attacking water, while H134 protonates the leaving 03'
(Plate 16).

Proposed mechanism of DNase I. H252 acts as a general base
abstracting a proton from the attacking water, while H134 functions
as a general acid protonating the leaving 03'. The divalent metal
ion and possibly also R9 stabilize the pentacovalent transition state.
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In an attempt to obtain more information about the role
of divalent cations in catalysis, we have cocrystallized
DNase I in the presence of Mn2+ with the 2'-OCH3 RNA-
octamer (GGUAUACC)2, a duplex which is not cleaved
by the enzyme. The structure has been solved using data
to 2.6 A resolution by molecular replacement. Surprisingly,
the nucleic acid is disordered in the crystals (although
clearly present by HPLC analysis of dissolved crystals),
while the protein is well defined and has been refined to
an R-factor of presently 26%. The electron density map
indicates an Mn2+ coordinated to E39 at a position pre-
viously identified by soaking native DNase I crystals with
Ca-pdTp.

The Y76A mutant of DNase I has been crystallized and
its structure solved by molecular replacement and refined
at 2.5A resolution (R=22.9%

). No significant. differences
except for the Y replacement are detectable, however
the density for the 73-77 loop is weak. Since Y76 is one
of the residues tightly interacting in the minor groove of
the substrate, it wili be interesting to see whether a bound
DNA will have a different conformation than in a native
complex and what effect the mutation has on the cleavage
pattern. Attempts to make Y76A-DNA cocrystals, are under
way.

Another class of DNase I mutants we are presently con-
structing is designed to provide additional contacts with
the DNA and which therefore may have an increased
specificity. By inserting additional residues in the 173-176
loop, contacts in the major groove which were absent
in the native DNase I-DNA complexes may be formed.
A second construct aimed at increasing the specificity of
DNase I is an insertion in the DNA binding loop (72-77).
This insertion of 29 residues is found in a flexible arm
of integration host factor and thought to bind in the mi-
nor groove of DNA. A mutant with the sequence C173-
R-E-G-T-V176 has been expressed in E.coli using the
pKK223 expression vector and is presently being charac-
terized.

IL-6DBP (collaboration with R. Cortese)

The interleukin-6 dependent DNA binding protein (IL-6DBP),
which activates the transcription of several acute phase
genes in hepatoma cells, belongs to the family of ba-
sic leucine zipper proteins (bZIP). The DNA binding do-
main shows strong sequence homology with C/EBP and
in fact forms heterodimers with this protein. A construct
containing the leucine zipper and the basic region was
cloned and expressed in E.coli and purified using ion ex-
change chromatography. Co-crystals were obtained with
oligonucleotides varying in length from 14 to 24 base
pairs and containing either a symmetrical C/EBP-site or the
IL-6 responsive elements of the haptoglobin or hemopexin
genes. All oligonucleotides were tested for binding to the
IL-6DBP binding domain by band shift assays. Three
different crystal forms were characterized, all belonging
to space group P61 and having very similar a and b
cell constants. The cell dimensions of the three crystal
forms are: (1) a=b=119 A, c=220 A; (2) a=b=123 A, c=58 A;
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(3) a=b=123 A; c=162 A. HPLC analysis confirmed that all
three crystal forms contained bound oligonucleotide. So
far, the crystals tested did not diffract beyond 8 A. We
are currently changing the constructs at the N-terminus
hoping that this will lead to a better packing in the cocrys-
tals.

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

The DNA binding domain of the transcription factor LFB1
(also called HNF-1) is a tripartite unit, consisting of a
myosin-like dimerization domain, a homeodomain of un-
usual length (about 80 amino-acids long) and a POU-
specific domain. Constructs containing the complete DNA
binding domain (281 residues),. the homeodomain plus the
POU-specific domain (187 residues) or the homeodomain
alone (99 residues) have been expressed in E.coli and
purified. Crystallizaion experiments with the two longer
constructs are complicated by the strong aggregation ten-
dency of these proteins. Two crystal forms have however
been obtained of the 99-residue homeodomain: an or-
thorhombic form (space group P212121 , a=47.1 A, b=53.0 A,
c=185 A) and a hexagonal form, diffracting to 3.2 A and
2.6A respectively. Initial native data sets have been col-
lected and a search for heavy atom derivatives is under
way.

Myb (collaboration with F. Lim & T. Graf)

The viral myb oncogene (v-myb) and its cellular counter-
part (c-myb) encode tissue-specific transcriptional activators
containing two or three imperfect repeats of a DNA-binding
domain with structural homology to the homeodomain pro-
teins. The DNA-binding domains of c-Myb and v-Myb have
been expressed in E.coli and purified to homogeneity. A
systematic search for suitable crystallization conditions us-
ing oligonucleotides derived from the recognition elements
present in the mim-1 promoter yielded plate-like crystals of
a complex with the DNA-binding domain of c-Myb diffracting
to about 2.5 Abut showing a relatively large mosaic spread
which makes data collection and processing difficult. These
crystals are presently being characterized. At the same time
we are constructing mutants of c-Myb (and v-Myb) which
are truncated at the N-terminus, in the hope that a shorter
protein will give better crystals and therefore overcome the
large mosaic spread problem.

T5 exonuclease (collaboration with J. Sayers
& F. Eckstein)

Hexagonal crystals of phage T5 exonuclease, a 5' ,3'-
exonuclease showing homology with the 5' ,3'-exonuclease
of E.coli DNA polymerase I have been obtained. These
crystals (space group P622, a=b=138 A, c=168 A) diffract
to about 4.0Aand an initial native data set to 4Aresolution
has been collected. Very recently, new crystals have been
obtained (Plate 17) which show diffraction beyond 2.5 A. A
search for heavy atom derivatives is under way.



PLATE 17

Crystal of T5 5' ,3' -exonuclease (maximum dimension approxi-
mately 1.0 mm). The crystals diffract to beyond 2.5 A.
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Insertion of pore-forming toxins into membranes. Structure and function of ionic channels
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The lipid bilayer membrane provides a very effective perme-
ability barrier which protects living cells from environ-
ment. 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. The structure of
ion channels and their mechanisms of gating by membrane
potential are the first focus of the research in our group.
The second focus of the group is to understand the mech-
anism of membrane insertion and ion channel formation of
pore-forming toxins.

Colicin A (with D. Baty &D. Duche, Marseille;
M. Parker, A. Tucker &D. Tsernoglou, EMBL;
Y. Nakatani &M. Yamamoto, Strasbourg)

All our work on colicin A this year has been devoted to
adding more experimental "weight" to the "umbrella" model
of the membrane-bound structure of colicin A in the absence
of membrane potential, and to examine in more depth the
nature of the transition (the "unfolding" step) between the
protein in solution and its final state within the lipid bilayer.

Fluorescence energy transfer measurements with fluores-
cent probes attached to cysteine residues introduced at
specific points in the protein (see 1990 research report) has
provided new distances still in agreement with the model. As
a new approach, disulfide-bridges designed by M. Parker
from the atomic coordinates of the pore-forming domain
and energy minimisation were subjected to experiments. All
four designed double cysteine mutants could be expressed
and purified in large quantities. Preliminary experiments
have shown that in the reduced form all mutants are active
whereas all are inactive in vivo in the oxidised form. How-
ever, the different disulfide bridges block the colicin activity
at different steps of the colicin mode of action. The main
outcome of these first results is that membrane insertion and
formation of the ion conducting channel are two separate
steps.
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All the data obtained which validate the umbrella model
concern only the final state of the insertion of colicins into
lipid bilayers. Not much is known about the mechanism
which triggers the insertion of the compact soluble struc-
ture into an open conformation. Low pH and negatively
charged lipids are essential for insertion to occur. A detailed
analysis as function of pH of the kinetics of insertion with
brominated lipids has revealed that an insertion intermediate
accumulates at the membrane interface. We have obtained
spectroscopic evidence that this insertion intermediate, with
its compact structure, a large content of secondary structure
but high mobility of side chains, is similar to the "molten glob-
ular" state observed as an early intermediate during protein
folding or observed under certain denaturating conditions.

Thus, the membrane insertion of colicin A is an unfolding
process occurring at the membrane surface triggered by the
low interfacial pH at a negatively charged interface but which
maintains elements of secondary structure.

The other early aspect of the insertion event is the proposed
role of negatively charged lipids to orient the protein with
respect to the membrane through electrostatic interactions
with positively charged groups on the protein. In order to
determine these sites more quantitatively, surface potentials
on the pore-forming domain of colicin A, Nand B were
calculated using the DELPHI program. Ambiguous results
have been obtained so far and more remains to be done to
solve this point.

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

Aerolysin is a cytolytic toxin exported by the gram-negative
bacterium Aeromonas hydrophila. There are two precursor
forms of the toxin. It crosses the inner bacterial mem-
brane as a preprotoxin containing a typical signal sequence,



which is removed cotranslationally. The resulting protoxin
is exported from bacteria and activated by proteolytic re-
moval of about 25 amino-acids from the carboxy terminus.
Like Staphylococcus aureus alpha toxin, the mature protein
binds to eukaryotic cells, oligomerises and forms holes,
leading to osmotic lysis.

Our major efforts this year have been devoted to the
improvement of two-dimensional crystals (see also Kevin
Leonard's report), the study of the oligomerisation process
and mechanism of insertion and the characterization of
mutants.

We have strong evidence that oligomerisation precedes
membrane insertion and, surprisingly, that the oligomer is
a heptamer. As with colicin, channel formation is not ac-
companied by large change in secondary structure of the
protein.

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

Porins

The porins are responsible for the molecular sieve proper-
ties of the outer membrane from gram-negative bacteria.
As a group the porins share quite similar physical proper-
ties. They are present in the outer membrane as very sta-
ble oligomers (usually trimer). Their amino-acid sequences
are rather hydrophilic and devoid of hydrophobic stretches
longer than 11 amino-acid residues. The secondary struc-
tures of the porins consist predominantly of j1-strands.

Sequence alignment and structure prediction

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

Most of the biochemistry and molecular biology work has
been done on E.coli porins whereas it is the structure of
Rhodobacter capsulatus porin that has been solved at high
resolution in 1991. To relate the porin structure to all the
biological data available we started to align the numerous
porin amino-acid sequences available and have tried to
predict the transmembrane topology of the porin family with
the hope that by adding less related sequences prediction
accuracy would increase as was shown with the TIM family.

This work was done prior to the publication of the Rhodobac-
ter capsulatus sequence and structure. The alignment was
based not only on amino-acid conservation but also on
conservation of hydrophobicity and amphipaticity profiles
and was found to be compatible with available topological
data. This prediction still has to pass the real structure
comparison as soon as the three-dimensional coordinates
are released to the scientific community.

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

The major proteins from the outer membrane of Aeromonas
hydrophila have been purified, partially sequenced and
screened for pore-forming activity as a new project to
compare the distribution, the permeability properties and
structure of porins from an enterobacteria (E. coli) and a
gram-negative bacteria which inhabits fresh water environ-
ments (Aeromonas).
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Our group is using an integrated structural and cell biological
approach to examine the structural basis of macromolecular
assembly and intracellular sorting. Our work extends from
primarily structural projects such as the three-dimensional
reconstruction of adenovirus from cryo-electron micrographs
to the identification of defined components in the sorting
pathway such as the KDEL receptor. It is unified by the
expectation that an understanding of the control of macro-
molecular assemblies is not only interesting in its own right
but will provide a basis for a better understanding of intra-
cellular sorting.

Alphaviruses (C. Venien, P. Buck in collaboration
with A. Helenius)

These viruses, which include Sindbis and Semliki Forest
virus, are positive stranded RNA viruses in which an icosa-
hedral capsid, made from a single protein species, is en-
veloped by a membrane containing a single type of icosahe-
drally arranged spike protein complex. Reconstructions from
cryo-electron micrographs of gently detergent treated virus
reveal a difference in the strengths of interaction of two mor-
phologically distinct populations of spikes with the capsid
and the possibility that differential extraction of polypeptides
within a single spike occurs. This is now being investigated
by quantitative analysis of gradients using subunit specific
antibodies.

The high resolution structure of the capsid protein of Sindbis
virus (Choi et al., 1991) has recently been published. The
structure shows that this protein has a fold similar to that
of the chymotrypsin-like serine proteases rather than the
RNA virus fold predicted by our previous work (Fuller &
Argos, 1987). The positions of the ,a-strands in the prediction
agree with those observed in the structure, however this
match is not sufficient to ensure that the protein would
adopt a similar fold. Together with Michael Rossmann's
group (Purdue), we have attempted to fit the x-ray struc-
ture of the protein into our three-dimensional reconstruction
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for Sindbis virus, however neither a strict T=3 nor a T=4
packing gives good agreement. A higher resolution recon-
struction of the capsid is now being undertaken with the
aim of revealing features which will resolve the ambigu-
ity.

Ari Helenius's group (Yale) has demonstrated that the Sem-
liki Forest virus capsid can be disassembled by interac-
tion with ribosomes or RNA. Work has begun on trying to
characterize this disassembly and to identify morphological
intermediates in the process.

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

A three-dimensional reconstruction of the adenovirus 2
virion has been completed from cryo-electron micrographs
to a resolution of 35 A. The reconstruction revealed the ar-
rangement of the hexons which form the capsid and allowed
the localization of the accessory proteins which combine
with hexon to form the virion. The analysis also validated
the use of cryo-electron microscopy and icosahedral image
reconstruction, since the features of the hexon seen in the
reconstructed structure precisely match those seen in a
model of the hexon protein generated by high resolution
x-ray crystallography.

The next step in this project is to use the power of difference
imaging to generate very accurate positions for the hexons
and to reveal the precise regions of contact within the known
three-dimensional structure for the protein. This requires
precise modelling of the imaging process so that the electron
density of the hexon can be quantitatively compared with
that in the reconstruction derived from cryo-electron micro-
graphs. A second approach is to increase the resolution of
the reconstruction by increasing the quality of the data. We
are attempting this by collecting data using spot scan imag-
ing and a more coherent electron source in collaboration
with Werner KOhlbrandt's group.



PLATE 18

Representation of the adenovirus reconstruction and the orientation
of the hexon structure derived from x-ray crystallography in the
virion.

Phages P2 and P4 (T. Dokland & M. Issakson)

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

PLATE 19

A surface view of the three-dimensional reconstruction of bacterio-
phage P2 shows the T=7 arrangement of the capsid proteins. The
diameter of the virion is 600 A.

modulate the assembly of the gpN* protein so that it forms
the smaller P4 head and only packages the P4 genome. We
are attempting to understand this switch at the structural
level. Three-dimensional icosahedral reconstructions have
been performed from cryo-electron micrographs for both P2
which shows the T=7 symmetry for its capsid (Plate 19)
and for the smaller P4 which shows T=4 symmetry (Plate
20). A comparison of the structures shows that the hinge

PLATE 20

A surface view of the three-dimensional reconstruction of P4, the
parasite of P2, shows the T=4 symmetry of its capsid. This 450A
diameter structure is produced using the same protein (gpN*) as in
the P2 capsid. Note the slight density over the sixfold capsomeres.
This appears to be an accessory protein, probably Psu, which
increases the thermostability of the phage.
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region of the gpN* protein does not change significantly
between the smaller and the larger capsid, ruling out one
hypothesis for the mechanism. We now favour a model in
which modification of interactions with the scaffolding protein
determine the size of the assembled structure.

Although the reconstructions reveal the distribution of the
major capsid protein, the positions of the accessory pro-
teins remain unclear. We are now doing reconstructions
from cryo-electron micrographs of mutants and of capsids
labelled with specific Fab's to address this question.

Enveloped bacteriophage '1'·6 (J. Kenney &J. Kankare)

Bacteriophage <p-6 is an enveloped bacteriophage with well
characterized genetics, assembly and entry pathways. We
are trying to complement these detailed functional studies
with structural studies. Although the long range goal is a full
three-dimensional structure of the virion, the heterogeneity
and fragility of the preparation have hampered detailed
studies. Jussi Kankare has developed a multivariate sta-
tistical approach for classifying these structures based on
their radial profiles which allows the identification of classes
for three-dimensional reconstruction. This has led to more
reliable reconstructions for some of the intermediates. John
Kenney has developed a method for interpreting the radial
density profile of a viral particle in terms of its spherically av-
eraged three-dimensional density, distribution by performing
least squares fitting to the imaging parameters.

Centriole structure and function (J. Kenney
&D. Chretien, in collaboration with E. Karsenti)

The centrosome has long been seen as a central, if enig-
matic, organelle in the cell. Its size and fragility place it
beyond the classical methods of structural analysis. We are
utilizing cryo-electron microscopy to study this organelle in
an aqueous environment. John Kenney has used several
tilt series composed of low dose, cryo-electron micrographs
to produce three-dimensional reconstructions of hydrated
centrioles. The reconstructions show the same overall three-
dimensional organization of the structure and handedness
for the individual components as well as an intricate and
organised structure for the pericentriolar material at the
distal end.

The microtubule organizing activity of the centrosome plays
a key role in establishing the organization of the rest of
the cell. Denis Chretien has previously characterized the
transitions in the protofilament number within microtubules
formed in vitro. He is now examining centrosome nucleated
microtubules to see whether they also show such transitions
and whether all these microtubules have the same protofila-
ment number. The dynamics of microtubules are believed to
be controlled by a GTP cap which stabilizes the microtubule
and then causes rapid depolymerization when the GTP is
hydrolysed. The detailed structure of this cap has not been
elucidated. In collaboration with Max Haider's group, we are
using the cryo-STEM to attempt to demonstrate directly the
existence and characteristics of this structure.
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Aerolysin (M. Cyrklaff in collaboration with the
Leonard and Pattus groups)

Flat and tubular crystals of aerolysin are being examined by
cryo-electron microscopy to produce a reliable structure for
this pore forming protein within the membrane (see Leonard,
Pattus and Tsernoglou reports for details).

Hepatitis 8 surface antigen assembly
(A.-P. Huovila)

The surface antigen protein of the hepatitis B virus as-
sembles to form 220 A diameter disks and tubes when
expressed in eukaryotic cells. We have implemented a
quantitative method of analysing double labelled confocal
immunofluorescence images which reveals the extent of
colocalization of the surface antigen with other labels (Plate
21). The results confirm our previous hypothesis that the
surface antigen matures in a pre-Golgi, post-endoplasmic
reticulum (ER) compartment.

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

A number of the soluble proteins of the ER carry the car-
boxyterminal sequence -Lys-Asp-Glu-Leu (KDEL) which has
been shown to be necessary and sufficient for the retention
of these proteins. We have previously used an anti-idiotypic
approach to identify a 72 kDa transmembrane protein which
we believe to be the receptor for this signal (Vaux et al.,
1990).

Rob Hendriks and Patricia Buck have succeeded in using
cell fractionation to isolate a compartment from both HeLa
cells and rat liver hepatocytes which contains this protein
and they have shown that it is distinct from any of the major
identified, classical, compartments of the cell. Pulse chase
studies show that it is a pre-Golgi, post-ER intermediate on
the secretory pathway, however it does not correspond to
the intermediate compartment identified by Schweizer et al.
(1991).

Rob Hendriks has recently succeeded in cloning the cDNA
of the 72 kDa antigen and has bhown that antibodies di-
rected against a fusion protein from this clone react with the
authentic protein in the cell. The sequence of the carboxyter-
minal three-quarters of the protein shows no significant
homology with any protein in the data bank. Once we have
the full length sequence of the clone we will begin deletion
and expression studies to attempt to confirm its function as
the receptor.

We have been attempting to understand the recognition
which lies at the base of the retention mechanism by ex-
amining the structures of the anti-idiotype antibodies (which
serve as mimics of the ligand) for the identification of the
receptor. Hartmut Krafft-Czepa has used PCR to clone and
sequence the cDNA for the complementarity determining



PLATE 21

The analysis of a section of a confocal double labelled immunoflu-
orescence image showing the localization of hepatitis B surface
antigen (b) seen by rhodamine and protein disulphide isomerase
(c) seen with fluorescein. The number of pixels at each value of
red and green are plotted in (a) and show the existence of three

populations of pixels in terms of the relative amounts fo rhodamine
and fluorescein intensity. The high rhodamine pixels are displayed
in (d) and correspond to the intermediate compartment in which the
surface antigen assembles.
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regions of the two independently derived anti-idiotypes (anti-
anti-KDEL) as well as one of the first round (anti-KDEL) anti-
bodies. One of these sequences, an anti-KDDDQKAVKDEL,
is very close to that of an Fab whose structure has been
solved by x-ray crystallography. This has allowed us to build
a model of the antigen binding region (Plate 22) for this
antibody. Expression studies are underway to characterize
the important residues in the recognition of the ligand.

The recycling model for KDEL protein recognition requires
that this recognition be environment dependent. Together
with Gert Vriend, we have generated a model for the KDEL
tail which would show this environment dependence and
which is consistent with all the available mutagenesis data.
The model predicts that the retention signal must be able
to adopt an a-helical conformation and that the presence of
an upstream sequence which promotes this helicity is an im-
portant part of recognition. Astrid Eder is testing this model
by designing a series of mutations which will investigate the
effect of this upstream region. She has also established a
baculovirus expression system for two of the major KDEL
proteins to produce sufficient amounts for structural studies.

PLATE 22

Model of an anti-KDEL antibody based on structure of an Fab
of nearly identical sequence. The residues shown are the non-
conservative changes between the anti-KDEL sequence and the
known structure.
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Structure and function of ion transport
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In the absence of three-dimensional crystals, the combi-
nation of immunological tools with microscopy can provide
useful information on the structure of membrane proteins.
Monoclonal antibodies with defined epitopes can serve to
elucidate the topology across the membrane of amino-acid
stretches. We have applied this approach to the yeast
plasma membrane H+-ATPase.

The combination of yeast genetics and molecular biology is
a powerful model system for salt stress in plants. We have
identified yeast genes which are important determinants for
growth under salt stress and are conserved in higher plants.

Immunological approaches to ATPase topology

Most antigenic determinants of yeast plasma membrane
H+-ATPase are located at the N-terminus of the enzyme.
This has been deternlined by mapping the epitopes of a
collection of monoclonal antibodies and by determining the
inserts of an epitope expression library selected with a
polyclonal antibody. As determined by immunofluorescence
microscopy (with and without permeabilization), most of the
N-termini seems to be extracellular. This is not predicted
by hydrophobicity plots and suggests that a polar stretch
crosses the membrane.

Genetic approaches to salt tolerance

The gene HAL 1 improves salt tolerance in yeast by over-
expression. Its mechanism seems to be mediated by in-
creasing potassium accumulation. HAL 1 is highly conserved
in plants, suggesting that yeast serves as a model system.
Both in yeast and in plants its expression is regulated by
osmotic stress.

The gene HAL2 improves salt tolerance by mutation and
over-expression is detrimental. It is also conserved in plants.
Its expression is not regulated by osmotic stress but by
pH and it seems to be involved in methionine biosynthesis.

Accordingly, exogenous supply of methionine improves salt
tolerance in both yeast and plants.

Good-bye to EMBL

Our group has left the EMBL. This report has been written
in the middle of the move to the Universidad Politecnica,
Valencia, Spain. We want to say good bye to EMBL and
to thank this organization for the superb research facilities.
We hope that more EMBLs will arise in the future all around
Europe, in particular in less developed countries such as
Spain.

Publications during the year

Hager, A., Debus, G. & Serrano, R. (1991). Auxin induces
exocytosis and a fast turnover pool of plasma membrane
H+-ATPase in corn coleoptiles. Planta, 185, 527-537

Monk, B.C., Montesinos, C., Ferguson, C., Leonard, K.
& Serrano, R. (1991). Immunological approaches to the
transmembrane topology and conformational changes of
the carboxyl-terminal regulatory domain of yeast plasma
membrane H+-ATPase. J. Bioi. (;hem., 266, 18097-18103

Roldan, M., Pardo, J.M., Donaire, J.P. & Serrano, R. (1991).
Regulation of root plasma membrane H+-ATPase in sun-
flower seedlings. Plant Sci., 79, 163-172

Serrano, R., Montesinos, C., Roldan, M., Garrido, G., Fer-
guson, C., Leonard, K., Monk, B.C., Perlin, D.S. &Weiler,
E.W. (1991). Domains of yeast plasma membrane and
ATPase-associated glycoprotein. Biochim. Biophys. Acta,
1062, 157-164

Villalba, J.M., Lutzelschwab, M. & Serrano, R. (1991). Im-
munocytolocalization of plasma membrane H+-ATPase in
maize coleptiles and enclosed leaves. Planta, 185,458-461

77
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Our main technique is electron microscopy, used together
with computer image analysis to obtain structural infor-
mation from electron micrographs. We are studying large
membrane protein complexes as two-dimensional crystals in
lipid bilayers and soluble proteins and filamentous proteins
adsorbed to lipid monolayers. Localisation of proteins in
crystalline specimens and in thin sections is being pursued
by immuno-electron microscopy using IgG-gold or Fab-gold
probes. DNA sequencing is also being carried out for novel
muscle proteins such as titin, projectin and zeelins. We have
collaborative projects with other groups within EMBL and
with other European laboratories (see below).

Membrane proteins

In collaboration with the group of Franc Pattus, EMBL,
we have been studying the structure of the membrane-
associated channel complex of the toxin aerolysin. We have
carried out image analysis of two-dimensional membrane
crystals obtained by reconstitution of purified aerolysin with
Escherichia coli phospholipids. Two types of crystal were
obtained, flat sheets and long helical tubes. Filtered im-
ages of the best crystalline sheets revealed a repeating
circular "wheel-shaped" structure for the channel complex
with seven-fold rotational symmetry. At the centre of each
structure, a strongly stain excluding ring encircles a dark,
stain-filled channel 17A in diameter. By combining side-
views with the projected views a simplified model of the
aerolysin channel complex has been constructed (Plate 23).
We now have better three-dimensional data from elec-
tron micrographs of helical tubes of unstained aerolysin
(Plate 24). The structure for the heptameric complex ob-
tained from electron microscopy can be combined with the
atomic structure for the pro-aerolysin monomer which is
presently being solved by x-ray crystallography (see also
report of Demetrius Tsernoglou) to obtain a high resolution
model for the channel.
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In collaboration with the group of Ramon Serrano, EMBL
we have been studying the in vivo topology of yeast
plasma membrane ATPase by immunolabelling of frozen
and lowicryl-embedded sections.

Structure of muscle proteins

In collaboration with J. Trinick (Bristol) we have continued
to determine the primary structure of titin. Titin is the largest
known protein (M r 3,000,000); single molecules span half-
sarcomeres in vertebrate muscle and are thus about 1
micron in length. We have so far determined 40% of the
total titin sequence and have found it to consist of rv100
immunoglobulin and fibronectin-like repeats. Single repeat
motifs have been expressed in E.coli and have been shown
to bind to other thick filament proteins. In collaboration
Vv'ith Annalisa Pastore (EMBL) the structure of single titin
domains is being determined by two-dimensional NMR.

We are now focusing on the sequence of both the Z-disc
and M-line ends of titin and the junction between A-band and
I-band. We have found that titin sequences near the M-line
encode a kinase domain whose structural organization is
strikingly homologous to nematode twitchin (Plate 25). Thus,
invertebrate twitchin and vertebrate titins are members of
the same gene family. The high degree of evolutionary
constraint for the kinase region suggests important functions
conserved throughout the animal kingdom. With J. Aaarli
(Bergen) we are studying the involvement of titin in Myas-
thenia gravis.

We are also investigating new high molecular weight pro-
teins in insect flight muscle. One of these, p800 or pro-
jectin, has been partially sequenced in collaboration with
E. Fyrberg (Johns Hopkins University) and is analogous to
twitchin with titin-Iike repeating motifs. The localization of
the projectin gene in Drosophila has been determined, and



PLATE 23

Hidden surface representations of a simplified model for the
aerolysin channel complex based on projections and side-views.
The structure is made up of a central cylindrical channel surrounded
by seven "spokes", each made up of two globular domains of

PLATE 24

An elongated tubular lipid vesicle containing a regular helical array
of aerolysin complexes, imaged in vitreous water. The electron

protein. The membrane would lie above the structure as seen in
this view. The wheel-like disk lies close to the membrane which is
then presumably penetrated by the elongated channel. Scale bar
100A.

micrograph (taken by Marek Cyrklaff) was made at 200 kV. Scale
bar 200 nm.

PLATE 25

Repeating domains with homology to fibronectin type III (class I mo-
tif) and immunoglobulin C2 (class II motif) are found in an increasing
number of large muscle proteins. In this plate we show schemati-
cally the patterns found in two such proteins sequenced at EMBL.
Each square box represents approximately 100 amino-acids.

The sequence obtained so far for insect muscle protein p700 shows

only class II motifs (shaded boxes) separated by a short insertion.

For human titin, complex patterns of class I motifs (white boxes)
and class II motifs (shaded boxes) are present. We have also
found a kinase region (black boxes) on each side of which there is
conservation of the motif pattern between human titin and nematode
twitchin.

p700

towerds Z-disk...
TITIN

TWITCHIN

towerds M-line..
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mutants have been identified which indicate an essential
function for projectin in muscle.

We have isolated partial cDNAs for the protein p700 which
is a component of Z-discs in Lethocerus indicus. Sequence
analysis shows p700 to be another member of the family
of muscle proteins with immunoglobulin-like repeats (such
as titin). Unlike all members so far described the p700 se-
quence consists exclusively of this one repeat type and has
small insertions between repeats (Plate 25). We have deter-
mined the position of these high molecular weight proteins
in the insect muscle sarcomere by immuno-fluorescence
microscopy and immuno-electron microscopy.
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Electron crystallography of photosynthetic membrane proteins
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Intensity distribution in the 3D electron diffraction pattern of 2D
light-harvesting complex crystals. The 375 lattice lines, sampled at
140 A-1 , were projected onto the x-z-plane. The intensity at each
sampling point is proportional to the size of the dots. The large
cluster of intensity centred around z=O at 5 A resolution probably
arises from interatomic spacings of the chlorophyll molecules within
the complex.

0.3
x*, y* [1fA]

0.2

, 3.2 A
resolution

limit

0.1

.........._....-_..-_.._-..----_._.- -
............-. - -- - -- ..-.__._- _----------_......-.- - _--- --_..........._._._ -- --- ---_.._-.......-. -.. --- ----......- -..•- •.-.-- --....--e----------...............-..•_..- --.....- -.-----_...... .. _ - - ....-------_....:..................................- -.....- --_ ...............-.-.......-..._._--...... --_._-

:::::
..1:::::=::=:===::::1:=:: ::1::1: ::-.
.I:::::::===:C=·:: 1:&:::: =-=::::=
............................1••••••

:!::::::=illa=:::=:::=a=:::::::=-... ... .......---f
·..·;1·-....
!.;::&::::::::t::::-I::I :=a:=: ·::: :: :::::::
..-., _ _ -_ I. I .----.---

:1::: : .:=::=:..-=::-
.• I ===:-
':::1::::::::::::====:1:.;;; : .:=:=::::.... ..-......_.__......-----..............----_._-
.::::::......__._ _----.-......._-------_................- - ....-........_------

.. :::::::::::::=#::::::::=:=::==::.....................................--.....-...-._-_ .........._ -.....-_.._--------_.--_ .._ --e--..-.--_...........-- ----.---_.-_ .........-._- -- __._----------.....-.__ -..-..__._.------_ ..-...................... --_e .

0.0

0.1

0.2

0.0

-0.2

-0.1

z* [1 fA]

PLATE 26

The light-harvesting complex is the major membrane protein
in chloroplasts of all green plants. It works as a molecu-
lar antenna of solar energy which is intercepted by non-
covalenty attached chlorophyll molecules. The energy is
passed on rapidly and efficiently, to the reaction centre
complexes in the same membrane where it is utilized to
drive oxygen evolution, carbon fixation and ATP production.

After determining the structure of the light harvesting com-
plex at 6 A resolution, the collection of more high-resolution
data has been a high priority. The 3D set of electron
diffraction amplitudes is now complete to 3.2 A resolution
(Plate 26), apart from the missing cone of information

3D Strucure of plant light-harvesting complex

A detailed 3D map of the complex has been determined by
us by electron diffraction and electron image analysis of 20
crystals (KOhlbrandt & Wang, 1991). At a resolution of 6 A,
the map shows some key features of the structure, in partic-
ular 3 membrane-spanning a-helices and positions of the 15
chlorophyll molecules attached to each 25 kOa polypeptide.
Two of the membrane-spanning helices are about 50 A
long. They protrude beyond the surface of the lipid bilayer
and are inclined by about 60° relative to the membrane
plane. Surprisingly, these two long helices are related by
a non-crystallographic 2-fold axis which implies that the
two corresponding domains within the monomer may have
arisen by gene duplication. The chlorophyll molecules are
arranged roughly in two layers within the hydrophobic part
of the membrane. The average distance between them
is about 11.5 A, close enough for extremely rapid energy
transfer by exciton coupling within the monomeric complex.

Our research focuses on determining the structure of
membrane proteins by electron crystallography of two-
dimensional (20) crystals. It is notoriously difficult to produce
three-dimensional (3D) crystals from membrane proteins,
yet detailed information about their molecular structure de-
pends on crystallographic methods. Due to the 20 nature of
their natural environment, the cell membrane, many mem-
brane proteins readily form 20 crystals. Powerful methods of
high-resolution electron crystallography can then be brought
to bear on these crystals to determine their structure.
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PLATE 27

Lipid content of light-harvesting complex fractions 1-5 eluted from
an ion exchange column. Lipids were detected by 2D thin-layer

chromatography of concentrated peak fractions 1,2 and 3-5. Peaks
4 and 5 contain the photophosphorylated light-harvesting complex.
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which is due to geometrical constraints of the specimen
holder. The fact that phases of structure factors can be
obtained directly from the Fourier transform of electron
micrographs is one of the attractions of electron crystallog-
raphy. We collected images with the high-resolution cryo-
electron microscopes at Lawrence Berkeley Laboratory in
collaboration with K. Downing, and at PERI, Osaka, in
collaboration with Y. Fujiyoshi. Altogether, about 900 new
images of tilted 20 crystals were recorded and evaluated.
Of these, the 26 best were processed, bringing the total
number of images used for phasing to 46. With these data,
we are now able to generate a 3D map at 4.0 to 4.5 A
resolution in-plane (but somewhat lower in the perpendicular
direction, due to the missing cone). This should enable us
to fit the polypeptide sequence to the a-helices, and may
also indicate how some of the chlorophyll molecules are
attached.

Lipid requirement for light-harvesting
complex crystallization

Isolated freshly from pea leaves, the complex contains about
10 molecules of thylakoid lipid per monomer (KOhlbrandt,
1987), roughly in the proportion that is characteristic for
this membrane. This material crystallizes readily in 20 and
3D. Upon purification by column chromatography, most of
the lipids are lost successively. Several distinct fractions
are isolated which differ mainly in lipid content (Plate 27).
None of these column fractions form 20 or 3D crystals.
The ability to crystallize can, however, be restored by lipid
addition. We have shown that the lipid requirement for
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crystal formation is specific. Only one of the lipids isolated
from the thylakoid membrane, digalactosyl diacyl glycerol, is
able to reconstitute 3D crystallization. The quality of these
3D crystals is better than that of those obtained previously
(KOhlbrandt, 1987) but still insufficient for high-resolution
data collection by x-ray diffraction. Efforts to improve these
crystals further are under way. However, with this lipid we
were also able to grow excellent 20 crystals from purified
complex. These crystals diffract electrons to 2.3 Awhereas
the best crystals grown from the unfractionated complex
diffracted to 2.9 A.

20 Crystals of bacterial photoreceptor units
(in collaboration with A. Gall & R; Cogdell,
Glasgow University)

20 crystals of a supramolecular Gomplex of bacterial pho-
tosynthetic reaction centres and a light-harvesting complex,
isolated from Rhodobacter acidophila, were grown by de-
tergent dialysis. Preliminary results by image analysis of
negatively stained specimens indicate that each unit cell
contains one reaction centre complex, surrounded by a
ring of antenna complexes (Plate 28). This arrangement
appears to be very similar to that found in native mem-
branes of Rhodopseudomonas viridis, a related species,
and may thus be general, at least for the photosynthetic
purple bacteria. Since the atomic structure of the photosyn-
thetic reaction centre is known, this supercomplex should
provide valuable insights into the structural basis of energy
transfer between light-harvesting and reaction centre com-
plexes.



PLATE 28

20 crystal (left) and projection map at 19A resolution of a
supramolecular complex of a reaction centre and associated Iight-
harvesting complex from the photosynthetic purple bacterium,
Rhodobacter acidophila. The crystals were contrasted with uranyl

acetate. The large central density represents the (presumably 6-
fold rotationally averaged) reaction centre complex. Each reaction
centre is surrounded by a ring of light-harvesting complexes. The
centre-to-centre distance is 115 A.

High-resolution electron cryo-microscopy
(in collaboration with R. Henderson, MRC LMB
Cambridge, F. Zemlin, Fritz-Haber-Institut Berlin,
J. Lepault, CNRS Paris & Philips Electron
Optics, Eindhoven)

In a collaborative effort with other European electron crystal-
lographers we were successful last year in obtaining a major
grant from the European Community to establish a Euro-
pean facility for high-resolution electron cryo-microscopy of
biological specimens. The main feature of this facility is a
200 kV electron microscope equipped with a field emission
gun which will operate at a specimen temperature of 4 K,
with a superconducting objective lens. The instrument will be
sited at the Fritz-Haber-Institut in Berlin, with contributions
from the other participating laboratories.

Part of the EMBL contribution is a system for operating the
new instrument in spotscan mode. This minimizes beam-
induced movement which normally causes significant loss
of high-resolution contrast in images of biological specimens
recorded in the conventional, flood-beam mode. Commer-
cially available spotscan systems are too slow to be used
efficiently with the bright, small spots that will be obtained
with the field emission gun of the new instrument. We have
therefore developed a stand-alone spotscan system which
enables large arrays of spots to be taken with exposure
times down to one millisecond per spot. Even though this

system was originally developed for our JEOL 2000 electron
microscope, it adapts easily to the Philips instrument and,
presumably, to any other electron microscope that can be
operated under computer control.
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We use the methods of x-ray crystallography and electron
microscopy to produce macromolecular structures with the
aim of learning more of the function of proteins and viruses.

In 1991 the structure of the lysosomal protease cathepsin
o was solved. Significant progress was also made during
the year with the Leishmania surface protease PSP. These
two projects are described in detail below. At the beginning
of the year the refinement of a crystal structure containing
three independent native ribonuclease T1 molecules was
completed (see last year's report).

Obtaining sufficient protein and, most important, crystalliza-
tion have been the time-limiting steps in all our crystallogra-
phy projects. Most of the effort during the year was devoted
to the production of milligram quantities of various truncated
mutants of the small GTP-binding protein Rab5, although
no crystals have so far been obtained. This project and the
cathepsin 0 project reflect our interest in structural aspects
of the intracellular sorting problem. In each case, exper-
iments on the expression of recombinant hybrid proteins
have determined the region in the amino-acid sequence
responsible for localization of the protein in a specific intra-
cellular compartment. We can now see the corresponding
three-dimensional structure on cathepsin 0 and can begin
to question how it works. We hope to do the same with Rab5
in future.

Our work on virus cryo-electron microscopy continued with
new computer programs written to improve the resolution
of the method and a reconstruction of human rotavirus
C, which shows for the first time the arrangement of the
glycoprotein VP7 molecules on the virus surface.

Cathepsin D

Cathepsin 0 is the main intracellular aspartic protease and
is located in the Iysosomes in most mammalian tissues.
Because of the medical importance of the two aspartic
proteases renin and the HIV protease there has been
considerable interest in the ubiquitous aspartic protease,
cathepsin 0 (renin is involved in angiotensin control of blood
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pressure). In particular, a structure of cathepsin 0 would
aid the rational design of aspartic protease inhibitors which
are specific for renin or the HIV protease, but not for the
"background" aspartic protease, cathepsin D. There is also
direct medical interest in cathepsin 0 because in some
pathological conditions it is secreted with deleterious effects.

Our interest in the protease centres on questions of sort-
ing and processing. Soluble lysosomal contain an
uncharacterized recognition site for a phosphotransferase
which results in protein carbohydrate groups being labelled
with mannose-6-phosphate (M6P). M6P labelled proteins
are transported to Iysosomes by M6P receptors in a compar-
atively well understood intracellular sorting pathway. Both
cathepsin 0 carbohydrate groups are phosphorylated and
the recognition site for the phosphotransferase has been
mapped in the sequence in studies using pepsinogen-
cathepsin 0 hybrid proteins. We intend to identify the recog-
nition site (Le. the sorting signal) by comparing the structure
of cathepsin 0 with the known structures of secreted as-
partic proteases (renin and pepsinogen) and of the soluble
lysosomal cystein protease cathepsin B.

Cathepsin 0 is activated at low pH in a process which
involves the loss of a 45 residue N-terminal pro-sequence
and, in addition, a small loop at position 160. The removal
of the pro-sequence and the exposure of the active site is
likely to be similar to the already well understood zymogen-
protease conversion of pepsinog\:Jn but the role of the small
loop is intriguing.

We crystallized bovine cathepsin 0 at the end of 1989
using protein supplied by Thomas Ludwig in the Hoflack
group and obtained small crystals diffracting to 3.2 A. Since
then we have purified large amounts of bovine and porcine
cathepsin 0 and produced many crystals which were usu-
ally not suitable for data collection. A complete data set
was eventually collected using orthorhombic crystals of the
human protein provided through a collaboration with the
laboratory of M. Baudys in Prague. Subsequently data sets
have also been collected from tetragonal crystals of the
bovine protein complexed with the general aspartic protease
inhibitor pepstatin.



PLATE 29

Cathepsin 0:

(A) The two molecules of cathepsin 0 found in the crystal unit
cell.

Despite the weak diffraction (R(I)=15% to 3.2 A) the struc-
ture was solved using molecular replacement with a pepsin
model. The current partially refined model has an R-factor of
24%, with good geometry and the map is very clear, showing
interpretable density at both carbohydrate positions and
some very interesting detail in the region of the processed
loop. Plate 29A shows the orientation of the two molecules
found in the asymmetric unit of the crystal and Plate 29B
shows the active site.

Future work will involve the structure of inhibitor complexes.
The availability of recombinant cathepsin D would allow us
to analyse unprocessed procathepsin D and to investigate
sorting mutants. As in other laboratories, our efforts to refold
bacterially expressed protein have so far produced active
protease, but in yields far too low to allow crystallization
trials.

Leishmania promastigote surface protease

The promastigote surface protease (PSP) is the major sur-
face glycoprotein of the parasitic trypanosomatid protozoan
Leishmania. This 63 kDa protein is anchored in the mem-
brane of the promastigote (an insect stage in the parasite
lifecycle) via a glycosylphosphatidyl-inositol (GPI) anchor.
PSP has been identified as a zinc-dependent neutral en-
dopeptidase and contains the 2 histidine zinc-binding motif
found in other metallopeptidases. Apart from this small motif
no homology to any other protein sequences has been
found. Circular dichroism and Raman spectroscopy studies
suggest that PSP contains about 50% ,B-sheet and less than
20% a-helical structure.

The abundance, surface localization and proteolytic activity
of PSP indicate that it has an important, but as yet uniden-
tified role in the life cycle of Leishmania. A high resolution

(8) Active site residues of cathepsin D. The two aspartates are
labelled.

B
three-dimensional structure of this unique protein will give
important information about a novel protease and a detailed
understanding of inhibitor binding may help in the design of
future drugs for leishmaniasis.

A hydrophilic form of PSP (Le. without the lipid part of the
GPI anchor) prepared from cultured L.major promastigotes
is provided by R. Etges at the University of Lausanne. From
this material well-diffracting tetragonal PSP crystals were
obtained which probably contain one PSP molecule within
the asymmetric unit. Purified PSP in solution occurs as a
noncovalent homodimer so that in these crystals the dimeric
PSP molecule contains a crystallographic twofold axis. The
crystals diffract to at least 2.5 Aand are stable for more than
100 hours in the x-ray beam at room temperature. A 92%
complete native data set was collected using the Xentronics
area detector. The data quality is good (R(I)=7.1% to 3.2 A)
despite a long unit cell axis (63.7, 63.7, 250.8 A).

A second crystal form of hydrophilic PSP in a complex
with the dipeptide inhibitor Cbz-Tyr-Leu hydroxamic acid
was grown under very similar conditions to the tetragonal
crystals. These crystals are monoclinic, diffract to at least
2.8 A and are also very stable in the x-ray beam at room
temperature.

The x-ray structure of PSP has to be solved by isomorphous
replacement techniques as currently no homologous struc-
ture is known. The progress of the PSP project has been
severely limited by the availability of protein and by batch
to batch variations which affect crystallization. Work was
carried out during the year to try to determine the basis of the
variation which appears to involve the protein carbohydrate
groups. The availability of a number of tetragonal crystals
means that we can at last begin a search for heavy-atom
derivatives.
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PLATE 30

The surfaces of Reoviridae

(A) Surface representations of reconstructions of cryo-electron
micrographs of human type 3 reovirus, maize rough dwarf
virus and human rotavirus C (from left to right). The diameter
of the particles is approximately 80 nm.

(8) Magnified view of the surface of reovirus.

(C) The surface of rotavirus C. Trimers of the protein VP7 sur-
round the irregularly shaped holes.

Cryo-electron microscopy of Reoviridae

Reoviridae have a genome consisting of 10-12 dsRNA
molecules and particles carry enzymes capable of tran-
scribing the dsRNA within the particles in the cytoplasm of
infected cells. Rotavirus is unusual among the Reoviridae
in that in the final stage of assembly incomplete virus par-
ticles bud into the endoplasmic reticulum (ER). A surface
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layer of the ER resident membrane glycoprotein VP7 is
added to the outside of the particles during the budding
event. Plate 30A shows surface views of the computer
reconstructions of Reoviridae produced in this laboratory.
The particles clearly share T=13 icosahedral symmetry
and reovirus and rotavirus, but not the plant virus maize
rough dwarf virus, have holes through the outer shell at
the T=13 six-fold symmetry axes. Magnified views of the



surface of Type 3 human reovirus (cytoplasmic) and human
rotavirus C (ER) are shown in Plate 30B,C. The protrusions
surrounding the holes on the rotavirus surface are VP7
molecules.

The resolution of these reconstructions is only about 30 A
which severely limits the amount of useful information
that can be derived from the structures. The particles
contain about 1000 symmetry-related surface molecules
and it is likely that by "T=13 averaging" the resolution
could be substantially improved. Programs to do this
were written during the year and will be first applied
to learn more about the arrangement of rotavirus VP7

molecules and their attachment to the underlying viral
core.

Publications during the year

Fusek, M., Mares, M., Vagner, J., Voburka, Z. & Baudys,
M. (1991). Inhibition of aspartic proteinases by activation
peptides of chicken pepsinogen and human cathepsin D.
FEBS Lett., 287, 160-162

Metcalf, P., Cyrklaff, M. & Adrian, M. (1991). The three-
dimensional structure of reovirus obtained by cryo-electron
microscopy. EMBO J., 10,3129-3136
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Structural studies of proteins and protein ligand complexes
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forms an important metabolic role in this bloodstream par-
asite. For this reason, we have tried to characterize com-
plexes between trypanosomal TIM and various inhibitors,
to provide a structural database for the design of selective
inhibitors which hopefully might be used for therapy of
trypanosomiasis. Secondly, TIM is an archetype for a protein
structure used often in nature for a diverse range of func-
tions, mainly catalytic. For this reason we try to characterize
the structural and functional properties of trypanosomal TIM
and other TIMs to understand the relationship between their
properties and their amino-acid sequences.

PLATE 31

Schematic drawing of the TIM-monomer. The polypeptide segments
that undergo rearrangements are in black. The arrows indicate
qualitatively the movement from open to closed. The dotted lines
indicate the conserved salt bridge between R191 and 0227. CAV
refers to the cavity associated with the open conformation of loop-6.
The approximate positions of the active site residues K13, H95 and
E167 are shown.

loop-8

The complicated architecture and flexibility of protein struc-
tures is being studied by protein crystallographic methods.
Our studies extend the database of structures of proteins
and protein ligand complexes, which can be used for a bet-
ter understanding of the sequence-structure and structure-
function relationship of proteins. The work was also this year
focused on the studies of the dimeric enzyme triosephos-
phate isomerase (TIM). Both trypanosomal TIM and E.coli
TIM have been studied. Although TIM catalyzes a simple
chemical reaction, it is surprising to see that the protein
machinery required to catalyse this reaction is quite com-
plicated, with large conformational changes which extend
to 20 A from the active site (Plate 31). TIM is only active
as a dimer. Site-directed mutagenesis studies of the dimer
interface residues of trypanosomal TIM have been initiated.
These studies are aimed at getting a better understanding
of the importance of the dimer interface interactions for the
structure and stability of the monomer.

Another group of enzymes which are being studied are
the enzymes associated with the ,B-oxidation pathway, in
particular a thiolase, an isomerase and a trifunctional en-
zyme. The crystallisation of thiolase has been described
previously. Using a "factorial" screening approach many
crystallization attempts have been set-up with the isomerase
and the trifunctional enzyme. This has resulted in crystals
of the isomerase. The study of these ,B-oxidation enzymes
might help to improve our understanding of topogenic sig-
nals, since these enzymes are targeted into mitochondria
or peroxisomes. The structure determination of these en-
zymes is also interesting because currently no structural
information is available for these classes of enzymes. In
collaboration with other EMBL groups we have started to
work on membrane-associated proteins. One example is the
structure determination of the SH3-domain of spectrin.

Triosephosphate isomerase (TIM)

TIM is studied by our group for two major reasons. Firstly,
because TIM from the species Trypanosoma brucei per-
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PLATE 32

The conserved salt bridge in trypanosomal TIM (thick, continuous
line; between R191 and D227), E.coli TIM (thick, dotted line),

yeast TIM (thin, continuous line) and chicken TIM (thin, dotted
line).

form-I form-II E.coli

Table 1

Statistics of refinement

C2 C2 P212121
95.4 94.8 68.2
48.2 48.2 47.1
67.5 131.0 151.7
120.0 100.3 (90.0)
2.13 2.10 2.80

45

45.9
10.7

7.4
12712

5864

Crystallographic data concerning the
structure determinations of trypanosomal TIM
in two new crystal forms grown from PEG6000

(form-I and form-II), and E.coli TIM
in a crystal form also grown from PEG

R-factor (%, on F) 15.5 17.0 14.7
No. of protein atoms 1889 3778 3754
No. of solvent atoms 100 200 14
R.m.s deviation from ideal geometry (TNT package)
Bonds (A) 0.017 0.016 0.019
Angles C) 2.55 2.46 2.8

Other measures of quality
x1,X2 deviation C) 27.9 27.9
rms B (A2) 6.9 7.2

Spacegroup
a (A)
b (A)
c (A)
(3 C)
Maximum resolution (A)
Completeness to
max. res. (%) 78 78 86
Final resolution shell (A) 2.18-2.13 2.13-2.10 2.89-2.80
Completeness of
final shell (%)
Merging R-factor
(%, on I) 6.3
Unique reflections 12004 26860

ber of crystallization experiments have been carried out
with E.coli TIM. Recently one good crystal was obtained
and from this crystal a 2.8 A dataset was collected. The
structure could be solved by molecular replacement using
the CCP4-programs ALMN (rotation function) and TFSGEN
(translation function). The E.coli TIM structure has been
refined. 0 and Cambridge-FRODO were used for model-
building and XPLOR and TNT for refinement (Table 1).

The refined crystal structures of liganded and unliganded
chicken, yeast and trypanosomal TIM have been compared.
TIM is known to exist in an "open" (unliganded) and "closed"
(liganded) conformation. For chicken TIM only the refined
open structure is available, whereas for yeast TIM and
trypanosomal TIM refined structures of both the- open and
closed structures have been used. The comparison shows
that the open structures of chicken TIM, yeast TIM and
trypanosomal TIM are essentially identical. Also the closed
structures of yeast TIM and trypanosomal TIM are essen-
tially identical. The conformational difference between the
open and closed structures (Plate 31) concerns a major
shift (7 A) in 100p-6. Minor shifts are observed in the two
adjacent loops, 100p-5 (1 A) and 100p-7 (1 A). The pairwise
comparison of the three different TIM-barrels shows that
the 105 CA-atoms of the core superimpose within 0.9 A.
The sequences of these three TIMs have a pairwise amino-
acid sequence identity of approximately 50%. The residues
which line the active site are 100% conserved. The residues
interacting with each other across the dimer intertace show
extensive variability, but the direct hydrogen bonds between
the two subunits are well conserved. The orientation of the
two monomers with respect to each other is almost identical
in the three different TIM structures. There are 56 (22%)
conserved residues out of approximately 250 residues in 13
sequences. Most of these conserved residues are in the {3-
strands and in the loops immediately following them. Some
of the conserved residues are quite far from the active site.
For example at a distance of 19 Afrom the active site there
is a conserved saltbridge interaction between residues at the
C-terminal ends of a-helix-6 and a-helix-7 (Plate 32). This
anchoring interaction contrasts with the large conformational
flexibility of 100p-6 and 100p-7 near the N-termini of these
helices. The flexibility of 100p-6 is facilitated by a conserved
large empty cavity (35 A3) near the N-terminus of a-helix-6,
which exists only in the open conformation.

Comparison of chicken, yeast and
trypanosomal TIM

The structure determination of E.coli TIM

E.coli TIM is 42% identical to trypanosomal TIM. E.coli
TIM is intensively used for protein engineering experiments
by the group of Martial (Liege, Belgium). A large num-
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In this 2.8 Astructure the conformation of 100p-6 and 100p-7
is not clearly defined. The dimer interface residues are well
defined. For example the interface residues E46-M47, at
the tip of 100p-2, are clearly visible in the electron density
map. These residues, almost completely buried at the dimer
interface, are very different from the equivalent residues in
trypanosomal TIM (F45-V46), causing the interface inter-
actions in trypanosomal TIM and E.coli TIM to be rather
different in this region.

Crystallographic binding studies with
trypanosomal TIM

Trypanosomal TIM is now over-expressed in E.coli, there-
fore pure protein is available and several other crystal-
lization conditions have been tested. New crystals which
diffract well have been grown in the presence of PEG6000.
Three different crystal forms have been observed in the
presence of PEG6000. In each case the spacegroup is
C2. Two of these crystal forms could be characterized at
high resolution (Table 1). The packing in these crystals, as
determined by molecular replacement calculations, is very
different from the packing in the P212121-crystals grown
in the presence of 60% ammonium sulphate. In both new
crystal forms the two monomers of the dimer are related by a
crystallographic twofold axis, in crystal form-I(PEG) there is
only one subunit per asymmetric unit, in form-II(PEG) there
are two subunits (of two different dimers) per asymmetric
unit.

These new crystals have also been used for crystallographic
binding studies. VVe are particularly interested in binding
studies with cyclohexapeptides, which are known to be
selective inhibitors of trypanosomal TIM (50% inhibition at
a concentration of 10 j.lM). Using the original P212121-
crystals, it was not possible to determine the mode of
binding of these cyclohexapeptides. Also using the new
C2-crystals we have not yet observed binding in crystallo-
graphic soaking experiments. Cyclohexapeptides are bulky
molecules, and the binding sites are easily blocked by crys-
tal contacts. Therefore now co-crystallization experiments
will be attempted in the presence of these cyclohexapep-
tides or their linear analogues. For this purpose the range of
crystallization conditions has been expanded considerably
by using a "factorial" search, which essentially consists of
a set of 48 crystallization conditions which can be tested
routinely. This search covers a pH-range of 3 to 9 and
as precipitants ammoniumsulphate, lithiumsulphate, mag-
nesiumsulphate, sodiumchloride, phosphate, PEG, citrate,
ethanol, 2-methyl-2,4-pentane diol (mpd), isopropanol are
used.

Mutagenesis of trypanosomal TIM

The mutagenesis studies of trypanosomal TIM are an es-
sential method in our attempts to understand two proper-
ties of trypanosomal TIM which are not well understood
at the moment: (1) the mode of binding of the cyclo-
hexapeptides and (2) the interactions across the dimer
interface.
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(1) The mutant A1OOW was made since A100 is at the
surface. The side-chain points into a crevice, near the
active site, which is unique for trypanosomal TIM.

Model-building suggested that this crevice might be the
binding site for the cyclohexapeptides. In the A1OOW-
variant this crevice would be filled with the tryptophan
side-chain. It turns out that the A1OOW-TIM variant
is equally active as the wild-type TIM, and the cyclo-
hexapeptides are equally good inhibitors of the A1OOW-
variant as of the wild-type. This suggests that this
crevice is not the binding site for the cyclohexapep-
tides. Crystallization experiments of the A1OOW-variant
are in progress to verify the position of the new side-
chain.

(2) A number of TIM variants has been made in which
the dimer is expected to be less stable. The follow-
ing interface residues have been changed by site-
directed mutagenesis: C14G (at tip of 100p-1), and
V46D, V46G, H47N (at the tip of 100p-2). Sofar only the
H47N-variant has been characterized to some extent
in collaboration with Opperdoes (Brussels, Belgium).
The H47N-variant is less active than the wild-type
and the remaining activity depends on the concen-
tration of the variant. The H47N-variant also seems
to be less stable, as is suggested by circular dichro-
ism (CD) measurements and temperature gradient gel
electrophoresis (TGGE) measurements. The TGGE-
characterization of the wild-type is shown in Plate 33.
TGGE is like a native gel but run with a temperature
gradient perpendicular to the electric field. As is shown
in Plate 33 wild-type TIM denatures irreversibly at a
temperature near 45° C under these conditions. This
transition temperature for the H47N-variant is approxi-
mately 33° C. The H47N-variant could not yet be crys-
tallized.

Enzymes associated with the ,a-oxidation pathway

Three different enzymes are studied at the moment: yeast
(S.cerevisiae) peroxisomal 3-ketoacyl-CoA thiolase (collab-
oration with Kunau, Bochum, Germany), and in collaboration
with Hiltunen (Oulu, Finland) rat liver mitochondrial short
chain 3 2-Enoyl-CoA isomerase and rat liver peroxisomal
trifunctional enzyme 2-Enoyl-CoA isomerase, 2-enoyl-
CoA-hydratase and 3-hydroxyacyl-CoA dehydrogenase) are
being studied. The radiation sensitivity of the crystals of thi-
olase is considerably reduced in the presence of 0.2 M OTT.
The structure determination of thiolase has to be done by the
multiple isomorphous replacement (MIR) method. Several
low resolution heavy-atom datasets have been collected,
but no Patterson has been solved sofar. Many crystallization
experiments have been done with the isomerase and the
trifunctional enzyme. Isomerase crystals could be grown in
the presence of acetyl-CoA and these crystals diffract to
approximately 3.0 A. The spacegroup is P212121 with cell
dimensions of a=47.9 A, b=118,4 Aand c=164.8 A. For one
dimer in the asymmetric unit the volume to mass ratio would
be Vm=3.9 A3 IDa. Sofar no crystals have been grown of the
trifunctional enzyme.



PLATE 33

Temperature gradient gel electrophoresis (TGGE) of wild-type
trypanosomal TIM. 100 J-Lg of TIM were analysed with an 8%
polyacryalamide gel in 100 mM bis-tris/acetate buffer, pH=7.0.
The gel is stained with coomassie blue. The protein migrated
into the gel at 300 V; electrophoresis was stopped and the
temperature gradient (from 10° C to 60° C) was formed while the

electric field was switched off. The electrophoresis was continued
for five hours at 300 V. The major band at lower temperature
represents the TIM-dimer, whereas the slightly slower migrating
band most likely is a modified TIM. The upper band at higher
temperatures represents the denatured protein. The transition
takes place at 45°C.

Membrane-associated proteins: protein
tyrosine kinase and the SH3-domain

In a collaboration with the Courtneidge group we are trying
to purify and crystallize the Fyn protein, which is a protein
tyrosine kinase. The Fyn protein is over-expressed in insect
cells. Fyn consists of three domains: SH1 , SH2, SH3. These
domains also occur in many other proteins. In the group
of Saraste the SH3-domain of the chicken brain a-spectrin
polypeptide has been over-expressed, purified and crys-
tallized. The crystals are very well ordered and diffract to
at least 2 A. The crystal structure will be solved by the
MIR-method and already 25 heavy-atom derivatives have
been screened. Sofar the Patterson of K2Pt(CI)6 could be
solved.
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Verlinde, C.L.M.J., Noble, M.E.M., Kalk, K.H., Groendijk,
H.G., Wierenga, R.K. & Hoi, W.G.J. (1991). Anion binding at
the active site of trypanosomal triosephosphate isomerase.
Monohydrogen phosphate does not mimic sulphate. Eur. J.
Biochem., 198, 53-57

Wierenga, R.K., Noble, M.E.M., Postma, J.P.M., Groendijk,
H., Kalk, K.H., Hoi, W.G.J. & Opperdoes, F.R. (1991). The
crystal structure of the "open" and the "closed" conforma-
tion of the flexible loop of trypanosomal triosephosphate

isomerase. Proteins, 10,33-49

Noble, M.E.M, Wierenga, R.K., Lambeir, A.M., Opperdoes,
F.R., Thunnissen, A.M.W.H., Kalk, K.H., Groendijk, H., Hoi,
W.G.J. (1991). The adaptability of the active site of try-
panosomal triosephosphate isomerase as observed in the
crystal structures of three different complexes. Proteins, 10,
50-69

Michels, P.A.M., Marchand, M., Kohl, L., Allert, S.,
Wierenga, R.K. & Opperdoes, F.R. (1991). The cytosolic
and glycosomal isoenzymes of glyceraldehyde-3-phosphate
dehydrogenase in Trypanosoma brucei have a distant evo-

relationship. Eur. J. Bic;;hem., 198,421-428

Wierenga, R.K., Noble, M.E.M., Vriend, G., Nauche, S. &
Hoi, W.G.J. (1991). Refined 1.83 A structure of trypanoso-
mal triosephosphate isomerase crystallised in the pres-
ence of 2.4 M ammonium sulphate. A comparison with the
structure of the trypanosomal triosephosphate isomerase -
glycerol-3-phosphate complex. J. Mol. Bioi., 220, 995-1015

Noble, M.E.M., Verlinde, C.L.M.J., Groendijk, H., Kalk,
K.H., Wierenga, R.K. & Hoi, W.G.J. (1991). Crystallo-
graphic and molecular modelling studies on trypanosomal
triosephosphate isomerase: a critical assessment of the
predicted and observed structures of the complex with 2-
phosphoglycerate. J. Med. Chern., 34, 2709-2718

91



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

X-ray instrumentation

The MARresearch image plate scanner was finally installed
in mid December and has been used to collect several
data sets. The data processing software has been installed
and tested but comparison of data quality with our other
instruments must await further experience with hardware
and software. The channel cut condensing monochromator
mentioned in last year's research report has a disappoint-
ing reflectivity but further investigations with broad focal
spots and/or focusing optics have still to be completed. The
method of mounting crystals in wire suspended thin films
for cryogenic data collection has been tried and the trials
suggest this should be the method of choice.

The area detectors have been used extensively during the
year on the following internal projects:

DNAse 1I0ligonucleotide complexes (Suck, Weston,
FAST, X100A)
trypanosomal TIM (Wierenga, Noble, FAST)
E.coli TIM (Wierenga, Noble, FAST)
yeast thiolase (Wierenga, Pauptit, Zeelen, FAST)
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LMROP (Sander, Sagermann, FAST, X100A)
adenovirus DNA binding protein (Tsernoglou, Tucker,
FAST, X100A)
3 2 enylCoA isomerase (Wierenga, Zeelen, Pauptit,

FAST)
T5 exonuclease (Suck, Ceska, FAST)
colicin N, (Tsernoglou, Vetter, FAST)
colicin A mutants (Tsernoglou, John, FAST)
aerolysin mutants (Tsernoglou, Vetter, FAST, X100A)
SH3 domain (Wierenga, Pauptit, Saraste, Musacchio,
FAST)
c-myb (Suck, Sauer, FAST)
glycerol 3-phosphate dehydrogenase (Wierenga, Zee-
len, FAST)
glutathione tranferase (Parker, X100A)
VSG Watat 1.1 (Ceska, X100A)
promastigote surface protease (Metcalf, Schlagenhauf,
X100A)
LFB1 homeodomain (Suck, Baudet, X100A)
P1 nuclease (Suck, Lahm, X100A)
cathepsin D (Metcalf, Fusek, X100A)
a-toxin (Tsernoglou, Vetter, X100A)

Limited time has been available during 1991 for data collec-
tion on the following external projects:

trypanothione reductase (Lantwin, X100A at 120 K)
PVU2 restriction enzyme (Athanasiadis, X100A)
lignin peroxidase (Piontek, X100A)
photosystem I (Shoham, X100A)



The reasons were threefold: (1 ) a sharp increase in in-house
demands; (2) the late delivery of the MARresearch scanner;
and (3) a prolonged period of down time for the X100A
instrument.

Protein crystallographic software (D. Wild)

We have continued to develop the X-windows/Motif inter-
face to the CCP4 protein crystallographic software pack-
age which was described in last year's research report,
and have continued to participate in the activities of the
European Association for the Crystallography of Biological
Macromolecules (EACBM) working group on protein crys-
tallographic software.

In February an EACBM sponsored workshop was held at
EMBL Heidelberg to discuss the keywording of the CCP4
programs and their relationship to the user interface. An
attempt was made to standardize the most commonly used
keywords, and to develop a keyword grammar. This forms
the basis of a keyword parser which has now been in-
corporated into the X-windows interface. When a particular
program is selected, the keyword grammar is read from a
defaults file and used to build an internal data structure,
which corresponds to the visual input dialog box presented
to the user. After making the appropriate input selections a
standard CCP4 command file is produced, and the program
run either on the local workstation or remotely via a "remote
shell" procedure. We believe this approach will encourage
the use of the distributed compu·ting environment available
at EMBL and will be useful elsewhere for the same reasons.
To be able to use the CCP4 suite effectively in this hetero-
geneous environment, we have implemented a scheme to
make the (binary) CCP4 electron density map and structure
factor data files machine independent. Thus a file may be
written or read by a CCP4 program on any VMS or Unix
machine on the network.

We plan to distribute an initial version of the Motif interface to
coincide with a new release of the CCP4 program package
planned by SERC Daresbury in 1992.

PLATE 34

A ribbon representation of the adenovirus single-stranded DNA
binding protein. Shown in detail are the two aromatic residues
implicated in DNA binding, the larger spheres are the positions of

A toolkit to process and access information
from the poe (J. Postma)

Two programs have been written to allow high speed access
to data held in the Protein Data Bank (PDB) files distributed
by the Brookhaven National Laboratory. The first program
is a data file generating program (YABP). It is based on
work started in 1986 and originally encoded in the program
HEBPDB-1.988, but has been completely redesigned so
that the result conforms more to the ideal of a relational
database. The program parses the PDB entries, checks
them for obvious errors, and outputs a binary file contain-
ing all structural information as well as an internal set of
pointer tables to facilitate fast access. The second program
(K?) is a data management and retrieval system. At the
lowest level (not visible to the user) K? is a set of data
access functions. The user interface consists of a request
record and a single data access function (PDB\_GET).
The data manager then returns the requested data into a
user supplied buffer. This approach offers transparency and
flexibility, but must be considered a programmer's toolkit.
Several test queries have been designed in FORTRAN,
PASCAL and C and demonstrate both the access speed and
flexibility. A manual describing the functionality of the data
access system together with several example programs
is available. In collaboration with the Argos group we are
currently designing a more general query system to be built
on top of K?

Collaborative structural projects

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

A model has been built for the adenovirus 5 ssDNA binding
protein (Plate 34) and is being refined. The R-factor to 3Ais
currently 25.3%. This chymotryptic fragment, which shows
DNA replication activity, contains two zinc atoms which are
presumed to give structural stability. The region between
residues 120 and 160 has poorly defined electron den-
sity, and indeed this region contains very few hydrophobic

the two zinc atoms. The sparsely drawn ribbon represents residues
120 to 160 for which the electron density in the present map is still
poor.
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PLATE 35

Four molecules of the adenovirus ssDNA binding protein showing
the formation of the chain.The N termini point out from the chain
and away from the likely DNA binding site. The C terminal "hook"

of one molecule packs between two helices of the next molecule in
the chain.

residues and is likely to be flexible. The C-terminal arm
of the protein locks into a groove in an adjacent molecule
so that the molecules form an extended chain (Plate 35)
and it is tempting to think that this is the reason for the
cooperativity of DNA binding. From biochemical studies the
residues Phe244 and Tyr281 are implicated in DNA binding,
but for DNA binding to occur conformational changes are
required in the loops. The model suggests that the ssDNA
has a helical conformation with a somewhat longer pitch
(38 A) than B-form dsDNA. Confirmation of these hypothe-
ses awaits the structure determination of the protein-DNA
complex. Towards this end we have found low salt condi-
tions under which we can solubilise the protein.

Refinement of colicin A (J. Postma with
D.Tsernoglou & M. Parker)

The refinement of colicin A was completed during the
first half of 1991. High resolution (2.4 A) data collected at
EMBL Hamburg was used for the final refinement. The
initial set of model coordinates was improved by applying
several cycles of MD x-ray refinement, some conventional
x-ray refinement (PROLSQ) and model rebuilding. During
this procedure 85 water molecules were added. The final
R-factor is 18.5%. As well as the conventional structural
analysis an energy analysis on an atom by atom basis
has proven to be a useful additional guideline during the
rebuilding stage. This latter type of analysis is part of the
PreGromos package (see 1988 Research Report). The final
set of coordinates have been deposited in the Brookhaven
Protein Data Bank.
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To support the "umbrella" model proposed by Parker (see
Tsernoglou 1989 Research Report) a cavity analysis and an
MD simulation have been performed. A preliminary analysis
of the MD trajectory in terms of atomic positional correlations
coincide with the experimental set of temperature factors
and suggests that there exists a cooperative motion of
helices relative to each other.

Refinement of aerolysin (J. Postma with
D. Tsernoglou & M. Parker)

The refinement of aerolysin has been continued. A multi-
fragment model has been refined using the MD x-ray pack-
age GROMOS. The R-factor at 3.0 A resolution is around
35%. The structure mainly consists of ,a-sheets and the main
problem is determining the direction of the strands that form
these sheets. A great deal of further model building will be
needed.
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Membrane protein complexes

Group leader: M. Saraste
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Assistant: A. Warne

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

Another topic of the group is to solve the structures of com-
plicated proteins with the assistance of gene technology.
We have begun to work on a large cytoskeletal protein,
spectrin, to see whether this protein could be dissected into
its subdomains and whether or not the strategy of solving the
structures of subdomains could be used to obtain a detailed
structural model of the entire molecule.

Bacterial cytochrome oxidases

Cytochrome oxidase is a characteristic enzyme of mitochon-
dria where the complex contains up to 13 different proteins.
Bacterial cytochrome oxidases contain three or four different
subunits and represent the functional core of the eukaryotic
enzyme. The 02-binding active site is a bimetallic Fe-CuB
centre where Fe is the central atom of the high spin haem.
Electrons are transferred via a copper called CUA and a
low spin haem to this centre. These redox-active metal
centres are bound to subunits I and II (Cal and Call).
Subunit III is required for the assembly of active enzyme
but may not be directly involved in the catalytic activity. cal
has the bimetallic Fe-CuB site, and is the binding site for
the low spin haem. These three metals are coordinated

to six histidines which are strictly conserved in cal. call
contains the binding site for cytochrome c and the CUA
centre. The latter may reside in a subdomain that has the
tJ-barrel architecture typical for a large superfamily of copper
proteins.

We are working on bacterial cytochrome c and quinol ox-
idases. Bacterial systems are convenient for approaching
structure-function relationships, since they allow the use of
genetic manipulation. Several laboratories including ours
are studing structures of the active sites by site-directed
mutagenesis. This requires isolation of the genes coding for
oxidase complexes and preparation of deletion strains that
can be used for expression of altered enzymes or fragments
of their subunits.

Our group has developed a method based on polymerase
chain reaction (PCR) which can be used to clone bacterial
cytochrome oxidases. Mixed oligonucleotides can be de-
signed to represent the alternative DNA sequences coding
for the most conserved peptides in cal. Pairs of these were
used as primers in PCR to produce DNA fragments of given
expected length. Using this.system we have cloned several
new oxidase operons from Azotobacter vinelandii, Bacillus
subtilis and Sulfolobus acidocaldarius.

Purification of several bacterial oxidases from different bac-
terial sources is carried out in our laboratory. With this
work we hope to improve on previous purification methods
and aim mainly at structural studies with x-ray or electron
crystallography. Trials to obtain ordered two-dimensional or
three-dimensional crystals are under way.
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PLATE 36

Top: The Sulfolobus oxidase operon sox has three genes fol-
lowed by a short open reading frame. The identified genes en-
code proteins homologous to cytochrome oxidase subunits II
(SoxA) and I (SoxB) and an extended version of apocytochrome b
(soxC).

Below: These three proteins form a complex which may function
in energy conservation as effectively as two separate respiratory
enzymes in mitochondria (left). It needs to be shown that SoxC is
able to catalyse the so-called Q-cycle characteristic to the function
of cytochrome b and that the SoxAiSoxB part is a proton pump
(right).
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An archaebacterial oxidase complex

A surprising result in 1991 derives from genetic analysis
of the operon encoding a terminal oxidase in the ther-
moacidophilic archaebacterium Sulfolobus acidocaldarius.
The operon contains three or four genes as shown in Plate
36. The first two code for subunits II and I of cytochrome
oxidase and the third one for an apocytochrome b. The latter
is typically a component of cytochrome bCt and bat com-
plexes, which are involved in respiratory and photosynthetic
electron transport respectively. The biochemical analysis of
Sulfolobus oxidase has shown that it is indeed a complex of
(at least) these three proteins. This result has an interesting
mechanistic corollary. It is likely (but needs to be shown) that
the Sulfolobus oxidase combines energy-conserving mech-
anisms of two mitochondrial respiratory enzymes. It has a
much simpler structure but may still perform essentially the
same reactions as its two eukaryotic counterparts (see Plate
36).
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Expression of CUA domain

The C-terminal domain of COli is located outside the
membrane bilayer. This domain appears to be the binding
site for cytochrome c. It contal;;s a metal centre, CUA,
that is probably the first site to accept electrons derived
from cytochrome c. CUA is a unique type of copper cen-
tre. So far it has been found only in cytochrome c oxi-
dase and a denitrification enzyme, nitrous oxide reductase.
The structure of the CUA centre is still controversial: it
is not known whether it has a single copper or contains
two coppers. The domain in the homologous subunit of
quinol oxidases does not contain copper. We have been
able to express the C-terminal domain from the E.coli
CyoA protein, the quinol oxidase subunit homologous to
COli, using a pET vector in E.coli. Large amounts of the
protein are produced in bacterial cytoplasm in a soluble
form.



The structural similarity between the CUA-containing COil
domain and the copperless CyoA domain has been fur-
ther shown by mutagenesis experiments (in collabora-
tion with Laura Lemieux and Robert Gennis, University
of Illinois). Substitution of a few amino-acid residues in
CyoA has enabled us to construct Cu-binding proteins.
We have so far constructed a CyoA mutant that is similar
to blue copper proteins of the azurin/plastocyanin family
as well as another mutant which has a CUA-like centre.
Studies on these mutants (in collaboration with Roland
Aasa and 80 Malmstrom, University of Goteborg) will help
in understanding the structure and function of CUA cen-
tre.

Spectrin

We are trying to solve the three-dimensional structure of
spectrin. Spectrin is a large elongated protein which is the
major component of the membrane skeleton in multicellu-

lar organisms. It is a heterodimer where each of the a-
and /3-subunits is made of repeating units. The canonical
repeat has 106 amino-acid residues and folds into an a-
helical structure. Unique domains that carry the functional
properties of spectrin are flanked between the repeats or
found in the termini of the subunits. These functions include
interactions with other components of membrane skeleton
such as F-actin and ankyrin.

Several subdomains of spectrin have been expressed in
E.coli and purified for structural studies using x-ray crystal-
lography and NMR. Plate 37 shows crystals of the so-called
SH3 ("src-homology 3") domain which has been expressed
from the a-chain cDNA. The SH3 domain is particularily
abundant in proteins that take part in the signal transduc-
tion pathway (tyrosine kinases, phospholipase C, G-protein
activating protein GAP). The SH3 crystals are well-ordered
and diffract x-rays below 2 A resolution. Crystallographic
analysis has been initiated in collaboration with Richard
Pauptit and Rik Wierenga.

PLATE 37

Crystals of the SH3 domain expressed from a-spectrin. The cross-
section of the crystal shown on the left is about 0.2 mm.
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Design and prediction of protein structures

Group leader: C. Sander
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Assistant: B. Altenberg

An ATPase domain common to prokaryotic
cell cycle proteins, sugar kinases,
actin, and hsp70 heat shock proteins.

The functionally diverse actin, hexokinase and hsp70 protein
families have in common an ATPase domain of known three-
dimensional structure. Optimal superposition of' the three
structures and alignment of many sequences in each of
the three families has revealed a set of common conserved
residues, distributed in five sequence motifs, which are
involved in ATP binding and in a putative interdomain hinge.
From the multiple sequence ali-gnment in these motifs a
pattern of amino-acid properties required at each position
was defined. The discriminatory power of the pattern is in
part due to the use of several known three-dimensional
structures and many sequences and in part due to the
"property" method of generalizing from observed amino-acid
frequencies to amino-acid fitness at each sequence position.
A sequence database search with the pattern significantly
matched sugar kinases, such as fuco-, glucono-, xylulo-,
ribulo-, and glycerokinase, as well as the prokaryotic cell
cycle proteins MreB, FtsA and StbA. These were predicted
to have sub-domains with the same tertiary structure as the
ATPase sub-domains la and lIa of hexokinase, actin and

hsp70, a very similar ATP binding pocket and the capacity
for inter-domain hinge motion accompanying functional state
changes. A common evolutionary origin for all of the proteins
in this class was proposed (Bork et a/., in press).

First NMR structure determination of an
endocytosis signal

Cell surface receptors mediating endocytosis of ligands
and clustering in coated pits require tyrosine containing
endocytosis signals in their cytoplasmic domain for rapid
endocytosis. To analyse the structure of the internalization
signal of lysosomal acid phosphatase an 18 amino-acid
peptide representing the cytoplasmic tail was analysed by
two-dimensional nuclear magnetic resonance spectroscopy.
Part of the peptide, 5-PPGY-8, forms a well-ordered tJ-turn
of type I in solution. Similar tight turn structures have been
predicted for the internalization signals NPXY and YXRF of
the low density lipoprotein (LDL) and transferrin receptors.
Our result represents the first experimental determination
of the structure of a protein transport signal and suggests
that the essential aromatic amino-acid of the internalization
signal is recognized in the structural context of a tight turn
(Eberle et a/., 1991).

PLATE 39

Structure of the 5-PPGY-8 Type I f3-turn in the cytoplasmic domain
of lysosomal acid phosphatase: an edocysosis signal
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(8) Hsc70
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PLATE 38

(A) Actin

(C) Hexokinase 8



Sequence analysis of mosaic proteins

A large domain common to sperm receptors (Zp2 and
Zp3) and TGF-{j type III receptor

A new family of mosaic proteins was defined by sequence
analysis. The family is characterized by a 260 residue do-
main common to proteins of apparently diverse function and
tissue specificity: Sperm receptors Zp2 and Zp3, betaglycan
(also called TGF-,8 type III receptor), uromodulin, as well as
the major zymogen granule membrane protein (GP-2). The
location of the common domain is similar with respect to
putative transmembrane regions (Bork &Sander, in press).

Fibronectin type III modules in insulin receptors,
ephlecklelk protein tyrosine kinases
and collagen VII

The fibronectin type III module, a protein domain about
90 amino-acids in length, is widespread among adhesive
proteins of differing function. The list of proteins containing
this module increases continuously, but no overall function
can be described. Sequence analysis has now revealed
the occurrence of the fibronectin type III module in the
insulin receptor, in the eckJeph/elk protein tyrosine kinases

and in collagen VII. The location of the module in both of
these families of tyrosine kinase receptors is close to the
transmembrane region, as in cytokine receptors and neural
adhesion molecules. As several of these proteins have been
reported to dimerize, a role for the fibronectin type III module
in receptor dimerization was proposed.

FSSP, a database of families of proteins with
common folding motifs

For a given three-dimensional protein structure, called
the search structure, a database scan was performed for
proteins which contain three-dimensional sub-structures in
common with the search structure. The search uses a
known fast algorithm for aligning sub-structures of proteins
and is performed for each of more than 150 representa-
tive protein structures chosen from the Protein Data Bank.
The result is a database of overlapping protein families.
Typically, each familiy contains the search structure, its
known structural homologues, and other structures with fold-
ing motifs similar to the search structures, multiply aligned
on residues equivalent in three dimensions. A maintained
database of these families, called FSSP, is made accessible
via the EMBL file server. The database may be useful for
the analysis and prediction of protein structures.

Neural
adhesive
proteins

nFn3 11
L! Ux

Cytokine
receptor
like

I

Fn3

Fn3

Fn3

K
I
N
A
S
E

---.-

Nt a a

C C
y y

CS S y
1 1 S

2

Fn3 Fn3

Fn3 Fn3

K K J3 K K
I I I I
N N N N
A A A A
S S S S
E E E E

Ct

Insulin receptor
subfamily

eph/eck/elk
subfamily

axl
subfamily

Sevenless
ros

Protein Tyrosine Kinase Receptors
-membrane- 100 aa I

PLATE 40

Schematic representation of several proteins containing FN3 do-
mains
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Fast and simple Monte Carlo algorithm for
sidechain optimization in proteins. Application
to model-building by homology

An unknown protein structure can be predicted with fair
accuracy once an evolutionary connection at the se-
quence level has been made to a protein of known three-
dimensional structure. In model-building by homology, one
typically starts with a backbone framework, rebuilds new
loop regions and replaces non-conserved sidechains. We
have used an extremely efficient Monte Carlo algorithm in
rotamer space with simulated annealing and simple potential
energy functions to optimize the packing of sidechains on
given backbone models. Optimized models were generated
within minutes on a workstation, with reasonable accuracy
(average of 81 % side chain X1 dihedral angles correct in the
cores of proteins determined at better than 2.5 Aresolution).
As expected, the quality of the models decreases with de-
creasing accuracy of backbone coordinates. If the backbone
was taken from a homologous rather than the same protein,
about 70% side chain X1 angles were modelled correctly
in the core in a case of strong homology and about 60%
in a case· of medium homology. The algorithm can be
used in automated, fast and reproducible model building by
homology. (Proteins, in press).

Evaluation of protein models by atomic
solvation preference

Important properties of globular proteins, such as the sta-
bility of the folded state, depend sensitively on interactions
with solvent molecules. An excluded volume approximation
to protein-solvent interaction, the solvent contact model,
was used to derive atomic solvation preference parameters
from a database of known protein structures. The ability of
solvation preference to discriminate between correct and in-
correct three-dimensional structures for a given sequence or
to identify the correct sequence placement in a given struc-
ture was tested. Backbone coordinates were taken from
experimentally known structures or hypothetical models and
side chain conformations (in rotamer space) were optimized
by an efficient Monte Carlo algorithm using simulated an-
nealing and simple potential functions. Discrimination by
solvation preference was very clear between deliberately
misfolded and correct globular models as well as between
native-like and non-native-like topologies of combinatorially
generated myoglobin models. Due to its statistical nature,
the evaluation works best on entire protein models while the
identification of incorrect parts of models is more difficult. In
one case locally incorrect chain tracing in a crystal structure
was identified. The method is computationally fast compared
to methods based on surface area calculations and is rec-
ommended for use as a diagnostic tool in model-building by
homology, in folding simulations and in protein design (Holm
&Sander, in press).

The functional mechanism of heat shock and
chaperone proteins in protein folding

Heat shock proteins have been linked to functions of "chap-
eroning" protein folding in vivo. We have proposed that one
mode of chaperone action is to actively unfold misfolded or
badly aggregated proteins to a conformation from which they
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could refold spontaneously; that improperly folded proteins
are recognized by excessive stretches of solvent exposed
backbone, rather than by exposed hydrophobic patches;
and that the molecular mechanisms for unfolding is either
repeated binding and dissociation ("plucking") or "threading"
of the protein backbone through a binding cleft, allowing
the "threaded" chain to refold spontaneously. The observed
hydrolysis of ATP would provide the energy for active unfold-
ing. These hypotheses can be applied to both monomeric
folding and oligomeric assembly and are sufficiently detailed
to be open to directed experimental verification.

The molecular modeling expert system WHAT IF

During 1991 the work on the molecular modelling and pro-
tein structure analysis program WHAT IF has been contin-
ued. The conversion of the program to two UNIX worksta-
tions (Iris and ESV) has been completed. A collaboration
with Bruker has been started, with the aim of getting WHAT
IF integrated in the Bruker NMR software environment. For
this purpose an X32 computer (with graphics and vector
processing capabilities) has been lent to Gert Vriend. This
machine is also used by the new NMR groups.

Among the new tools added in 1991 is a property profile
relational database. An extensive analysis of the mathemat-
ics behind the relational model was made. By removal of
all constraints inherent to this model that are irrelevant for
protein structure analysis, we arrived at a protein-specific
relational model that allows us to perform queries otherwise
not possible. The usefulness of WHAT IF is best illustrated
by the fact that the program has been licensed to almost 100
laboratories world-wide. At EMBL the program was used
during 1991 by the groups of Argos, Fuller, Metcalf, Osch-
kinat, Pastore, Sander, Suck, Tsernoglou and Wierenga.

Prediction and experimental verification of
mutant properties of neutral proteases

In collaboration with V. Eijsink in the Molecular Genetics
Department in Haren, the Netherlands, the thermostabil-
ity of neutral proteases has been studied. Many mutants
have been predicted, and were produced and characterized.
Analysis of the results has allowed us to propose a theo-
retical model for the stability of proteases in general. This
stability cannot be explained using the same rules that are
used for "normal" proteins because proteases irreversibly
denature at elevated temperatures. Using this new model,
a set of mutations was planned that aims at the creation
of the most thermostable protease known to date. These
mutations are presently being made. Preliminary results
indicate that our goal will be achieved.

Designing inhibitors for carboxypeptidases

In collaboration with D. Hendriks and S. Scharpe from the
Medical Biology Department of the UIA Antwerp, Belgium,
inhibitors of human carboxypeptidase N were sought. A
three-dimensional model of this protease was built by ho-
mology, based on the structure of carboxypeptidase A.
Potential energy calculations for multiple atomic probes
were performed on this model. These calculations sug-
gested several competitive inhibitors. These inhibitors were
synthesized by the peptide synthesis unit at EMBL. The



binding and inhibition properties were measured and were
found to be in excellent agreement with prediction, a rare
achievement in molecular design.

Towards acid and protease stable lipases

In collaboration with the same Belgian group the structure-
function relations and surface adhesion properties of several
lipases have been studied. This study has a medical back-
ground. In cystic fibrosis the patients suffer from malnutrition
and a deficiency of essential fatty acids. It is our aim to
create, by rational design of mutants, a lipase that is active
at low pH, acid stable and resistant to pepsin so it can
function in the stomach, but that is also active around pH
7.5 and resistant to trypsin so that it can also function after
stomach passage. Experimental tests of the first round of
mutant enzymes is in progress and preliminary results·are
encouraging.

How does uteroglobin bind progesterone?

The binding of progesterone to uteroglobin is being studied
in collaboration with G. Suske in the Molecular Biology and
Tumour Research Department of the University of Marburg,
Germany. After elucidation of the binding pocket for proges-
terone by means of site-directed mutagenesis, it became
our task to elucidate the entry pathway of progesterone into
the binding pocket. Several point mutations were designed
toward this end. It has become clear that four helices, two
of each monomer, line a tunnel which is used by uteroglobin
as the entry path. Two inter-monomer Cys-Cys bridges
keep this tunnel closed under oxidative conditions. However,
reducing or removing (by mutagenesis) at least one of
these Cys-Cys bridges allows the progesterone to enter the
binding pocket. Our next step will be to try to understand
the biological importance of the Cys-Cys bridge trigger,
especially in relation with the transport of progesterone from
other receptors to uteroglobin.

Modeling seven-helix membrane bundle proteins

Seven-helix membrane bundles apparently are a common
motif used by some membrane bound receptors. The last
year has seen several articles about newly discovered re-
ceptors that are proposed to utilize the same motif. These
receptors are important for many very basic and complicated
functions such as vision, smelling, aggression etc. Most of
these receptors bind agonists and antagonists in the space
between the helices. Modelling the seven-helix membrane
bundle therefore provides a picture of the "active site" of
these molecules. Unfortunately, amino-acids embedded in
a lipid membrane do not follow the rules that are derived
for soluble proteins. Also, hydrophobicity plots or other
sequence-based techniques are too crude to provide de-
tailed structural information. Therefore, a set of programs
was written for the analysis of membrane-bound proteins,
and for the prediction of membrane-bound helix bundles. As
a test case a model of the (3 adrenergic receptor was built.
This model shows a very good agreement with all know
biochemical data.

Selection of representative protein data sets

The Protein Data Bank currently contains about 600 data
sets of three-dimensional protein coordinates determined by
x-ray crystallography or NMR. There is considerable redun-
dancy in the database as many protein pairs are identical
or very similar in sequence. However, statistical analyses of
protein sequence-structure relations require non-redundant
data. We have developed two algorithms to extract from
the database representative sets of protein chains with
maximum coverage and minimum redundancy. The first
algorithm focuses on optimizing a particular property of
the selected proteins and works by successive selection
of proteins from an ordered list and exclusion of all neigh-
bours of each selected protein. The other algorithm aims
at maximizing the size of the selected set and works by
successive thinning out of clusters of similar proteins. Both
algorithms are generally applicable to other databases in
which criteria of similarity can be defined and relate to
problems in graph theory. The largest non-redundant set
extracted from the fall 1991 release of the Protein Data
Bank has 155 protein chains. In this set, no two proteins
have sequence similarity higher than a certain cut-off (30%
identical residues for aligned subsequences longer than 80
residues), yet all structurally unique protein families are rep-
resented. Periodically updated lists of representative data
sets are available by electronic mail from the EMBL file
server "netserv@embl-heidelberg.de". The selection may be
useful in statistical approaches to protein folding as well as
in the analysis and documentation of the known spectrum
of three-dimensional protein structures (Hobohm et al., in
press).

Software and databases distributed widely

PLATE 41

Uteroglobin

WHAT IF

DSSP

molecular modelling, database searches
and drug design

database of protein secondary structures
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HSSP database of structural families based on
sequence homology

PDB_SELECT lists of representative protein structure
data sets

PREDICT protein structure prediction by several
methods

MAXSPROUT automatic model.building from a Ca trace
and Monte Carlo side-chain optimization

Other projects and collaborations

Sequence analysis and database searches of newly se-
quenced proteins using a variety of software tools - with
numerous groups, both at EMBL and in Member States.

Design, expression and structure determination by NMR
and x-ray crystallography of natural and redesigned Rop
proteins and of de novo designed proteins - with Demetrius
Tsernoglou and with groups at the Universities of Gottingen,
Rome, Heraklion and at the GBF Braunschweig ..

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

Development of software tools: (1) GCI: a network server for
interactive three-dimensional graphics; (2) ProtQuiz: protein
query and information system; (3) MaxComp: fully automatic
alignment of protein three-dimensional structures.

Improvement of the selectivity of sequence alignment algo-
rithms. Increase in speed by a factor of five by optimizing
algorithms on vector processors and parallel computers.

Prediction of aspects of protein tertiary structure by analysis
of correlated mutations, by aligning sequences to known
structures using interface parameters and by neural network
algorithms.

The effect of point mutations on structure and function of
protein kinases - with J. Sowadski, University of California
and Draetta's and Courtneidge's group at the EMBL.

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

Relation between sequence, structure and function in Rab5
and Rab-related proteins with the group of M. Zerial at
EMBL.

Common features in the folding and stability of nucleotide
binding proteins with the group of L. Serrano at EMBL.

EMBnet: Network for Molecular Biology in Europe - with the
Computer and Data Library groups at EMBL, C. Saccone,
Bari, and EMBnet nodes in the EMBL Member States.
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Sequence and structure analysis of proteins and genes

Group leader: P. Argos
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The research group focuses on the theoretical analysis of
the sequence and structure of proteins and genes. The
work begins with examination of sequence and structure
databases to elicit basic structural and folding principles
and then attempts to move forward to the ultimate goal
of predicting tertiary structure from only a knowledge of
the primary sequence. The specific projects of 1991 are
described within this wider framework.

Sequence alignment and techniques

A sequence analysis service was initiated for the EMBL
scientists. It has been designated the SIC. service for Se-
quence Interpretation Consultancy. Staff are available to
help directly with database searches, multiple sequence
alignments, secondary structure prediction, and the like.
Thus far, nearly 30 members from 15 different research
groups at EMBL have availed themselves of the service.
SIC also runs monthly tutorials to illustrate the use of several
programs for the computationally more adventurous molec-
ular biologist. In addition, individual members of the group
have participated in collaborations with several internal and
external researchers. Sequence alignment algorithms devel-
oped by the group were applied to various protein systems,
a partial list of which includes 2S albumins, GMP/AMP-gated
channel proteins, carboxypeptidases, iron-responsive regu-
latory RNA-binding proteins and growth arrest-specific and
transforming growth factors.

Transputers and amino-acid sequence comparisons

A computer program has been written for a Macintosh II
personal computer interfaced to 20 transputers which allows
the comparison of a protein sequence to all those in the
SWISSPROT database by a full matrix Smith-Waterman
procedure. It is also possible to compare a profile, con-
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structed from a multiple sequence alignment, with the
entire database. The parallel processing device required
only 10 minutes to perform a database search with a
haemoglobin sequence while the VAX 6020 mainframe de-
voted 3 hours to the same task.

Searching databases

A computer program Overseer that searches databases of
nucleic acid sequences for objects of interest to the user
was developed. Such objects may consist of any number
of simpler building blocks such as repeats, palindromes
or stem-loops, strings of particular bases with or without
mismatches and the like. Written in standard Pascal, the
program runs under Unix and VMS and should also run
under other operating systems. A simple interface allows the
user to generate interactively a file containing a description
of the target to be found. The searching program runs
non-interactively, processing the information from the file
and searching the sequences. The results are output to
a file. Search capabilities are quite flexible and the code
is designed to be modified. Since the framework of the
program is simple, adding new modules to search for new
target types as the need arises is possible.

Having obtained the amino-acid composition of a protein,
chemists and molecular biologists may wish to identify the
protein from this data alone. In general such data will
have errors associated with them and the length of the
protein may be known only approximately or not at all. A
method was developed which enables searching of protein
sequence databases for sequences or fragments of se-
quences which have a composition similar to the one being
sought. Such searches are generally quite discriminating.
The method was implemented as part of the computer
program SCRUTINEER (see 1989 Research Report) and
is being freely distributed. It is simple to use.



Principles of protein folding

Recent 1H NMR hydrogen exchange experiments on five
different proteins have delineated the secondary structures
formed in trapped, partially folded intermediates. The early
forming structural elements are identifiable through a tech-
nique developed within the research group to predict folding
pathways. The method assumes that the sequential selec-
tion of structural fragments such as a-helices and fJ-strands
involved in the folding process is founded upon the max-
imal burial of solvent accessible surface from substructure
association. The substructural elements were defined objec-
tively by major and locally averaged changes in mainchain
direction. The predicted folding pathways are in complete
correspondence with the NMR results in that the formed
structural fragments found in the folding intermediates are
those predicted to associate earliest in the pathways. The
technique was also applied to proteins of known tertiary
structure and with fold similar to one of the five proteins
examined by 1H NMR. The pathways for these structures
also showed general consistency with the NMR observa-
tions, suggesting conservation of a secondary structural
framework about which folding nucleates and proceeds.

Genetic algorithms are very efficient search mechanisms
which mutate, recombine and select amongst tentative so-
lutions to a problem until an optimal or near optimal one is
achieved. They were used as a new tool to study proteins.
The evolution of the zinc finger sequence motif from a
random start was modelled. User specified changes of the
lambda repressor structure were simulated and critical sites
and exchanges for mutagenesis identified. Vast conforma-
tional spaces were efficiently searched by the technique
as illustrated by the ab initio folding of a model protein of
a four antiparallel fJ-strand bunc!e. The genetic algorithm
simulation which mimicked important folding constraints as
overall hydrophobic packaging and a propensity of the fJ-
philic residues for trans positions achieved a unique fold.
A length of 3-5 for the interconnecting loops was critical.
Specific interaction sites were considerably less effective in
driving the fold.

Using the program CLUSPROT (see Research Report
1990) that recognizes clusters of closely associated amino-
acids in protein tertiary structures, a multiple alignment
of subtilisin sequences based on structural superposition
showed the advantages of the algorithm in understanding
effects of mutated residues as well as its ability to aid in sug-
gesting residue substitutions. In collaboration with Jacob de

The results also suggested a limit to the average size of
indels accommodated by protein structures. The preferred
indel conformations are reverse turn and coil as are the pre-
ferred conformations at the indel edges (N- and C-terminal
sides). Interruptions in helices and strands were observed
as very rare events, occurring in only 3% of the cases. The
preferred amino-acids in indels were Gly, Pro, Asn, Ser,
Asp and Thr. Besides insights into protein evolution, data
on indel distributions should be helpful in establishing phylo-
genetic trees, sequence alignments, evaluating evolutionary
distances, and so forth.

An analysis of insertions and deletions (indels) occurring
in a databank of multiple sequence alignments (see 1990
Research Report) based on protein tertiary structure was
performed. Indels prefer to be short, ranging up to 5 residues
in length on average when the two aligned sequences are
only about 15% or less in residue identity (Plate 42). The
average intervening sequence length between them versus
the percentage of residue identity in pairwise alignments
shows an exponential behaviour, suggesting a stochastic
process such that nearly every loop in an ancestral structure
is a possible target for indels during evolution.

Analysis of insertions and deletions in
protein structures

The sequence retrieval system SRS (see 1990 Research
Report) has been expanded to integrate, besides the pri-
mary sequence databases EMBL, GenBank, SWISSPROT,
and PIR, further libraries including PROSITE (dictionary of
protein sequence motifs), Enzyme (database of enzyme
nomenclature), EPD (eukaryotic promoters), ECD (E.coli
gene sequences), Rebase (restriction enzyme), PDB (pro-
tein tertiary structures), DSSP (protein secondary struc-
tures), HSSP (alignments between homologous SWIS-
SPROT and individual PDB entries), 3D-Ali (sequence align-
ments from tertiary structural superposition and from homol-
ogy amongst PDB and SWISSPROT entries), an amino-acid
characteristics database, and various bibliographic data-
banks. All these libraries can now be searched and ac-
cessed from within SRS. The searching can be conveniently
performed with the help of a variable number of keyword
indices provided for each library. Presently the library cross-
references are used to build a complete network such that
a single entry or list of entries from one library can be used
to retrieve the corresponding entries of any other library; for
example, a list of entries from PDB can be directly linked
to EMBL, which yields the list of corresponding nucleotide
sequences.
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Vlieg from the Unilever Research Laboratory in the Nether-
lands, nucleation sites were generated by CLUSPROT at
structurally homologous sites in various subtilisins. Compar-
ison of these nucleation sites revealed, for example, that a
glutamic acid at sequence position 195 in most structures
enhances stability, not by forming a hydrogen bond or a salt
bridge as might be suspected, but by its participation in a
strongly associated sidechain cluster where apolar contacts
appear to be important. On the basis of this, a decrease in
stability of a number of Savinase variants could be explained
and some site-directed substitutions suggested.

Protein tertiary structure modelling

Conformational searches by molecular dynamics and dif-
ferent types of Monte Carlo or build-up methods usually
aim to find the lowest energy conformation. However, this
is often misleading as the energy functions used in confor-
mational calculations are imprecise. For instance, though
positions of local minima defined by the repulsive part of
the Lennard-Jones potential are usually only slightly altered
by functional modification, the relative depths of the minima
could change significantly. Thus, the purpose of conforma-
tional searches and correspondingly performance criteria
should be reformulated and appropriate methods found to
extract different local minima from the search trajectory and
allow visualization in the search space. Attempts at conver-
gence to the lowest-energy structure should be replaced
with efforts to visit a maximum number of different local
energy minima with energies within a certain range. This
quantitative criteria was used to evaluate performances of
different search procedures. To utilize information gener-
ated in the course of simulation, a "stack" of low energy
conformations was created and stored. It kept track of
variables and visit numbers for the best representatives of
different conformational families. To visualize the search,
projection of multi-dimensional walks onto a principal plane
defined by a set of reference structures was utilized. With
Met-enkephalin as a structural example and a Monte Carlo
procedure combined with energy minimization (MCM) as
a basic search method, an analysis of the influence on
search efficiency of different characteristics was performed.
The parameters included temperature schedules, the step
size for variable modification, constrained random step and
response mechanisms to search difficulties. Simulated an-
nealing MCM was found to have comparable efficiency with
MCM at constant and elevated temperature (about 600 K).
Constraining the randomized choice of sidechain dihedral
angles to optimal values (rotamers) on every MCM step
did not improve, but rather worsened, the search efficiency.
Two low-energy Met-enkephalin conformations with parallel
Tyr1 and Phe4 rings, a ,,-turn around the Gly2 residue,
and Phe4 and Met5 sidechains forming together a compact
hydrophobic cluster were found and suggested as possible
structural candidates for interaction with a receptor or a
membrane.

Tertiary structure modelling of small domains from proteins
has continued with the main focus being DNA-binding do-
mains from transcriptional regulatory proteins. The BCS
system (see Research Report, 1990) has now been adopted
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as the environment of choice for building structures accord-
ing to constraints derived from features in amino-acid se-
quences. BCS allows a flexible treatment of the molecule so
that attention can shift quickly from modelling small sections,
such as a single loop, to more complicated calculations
involving the complete backbone or molecular structure.
In addition, BCS allows the efficient handling of dimeric
structures, increasingly common in transcription factors, and
higher order complexes. BCS was used to build a model
structure for the helix-l,oop-helix (HLH) domain as found in
the Myc-related regulatory proteins. The model structure is
a 4-helix bundle made up of a dimer of antiparallel helical
pairs. The helical sidechains in the core are packed together
in the classical "knobs-into-holes" manner. The HLH model
accounts for the conserved hydrophobic residues, which are
all in the core, and presents the known DNA-interacting
basic regions in antiparallel conformation on one face of
the structure. The model is similar to the solved structure of
the Rop regulatory protein of E.coli plasmids and they may
be distantly related.

Earlier modelling work on the zinc finger motif (see Re-
search Reports 1987 and 1990) has this year been sub-
stantially confirmed. In a collaboration with the group of
Patrick Charnay (Paris), a combination of mutagenesis and
modelling suggested the base specific interactions for the 3
fingers of Krox20 with the cognate binding site on DNA.
The orientation of the model protein showed that each
finger spanned 3 basepairs and allowed a proposal for the
direct base-specific interactions of sidechains from each
zinc finger such that no more than 4 residues per finger
were in a position to provide contacts. The solved structure
of a cocrystal of a similar protein (zif268) with the same
binding site showed that these inferences were largely
correct, including the proposed base-specific residues, of
which 6 out of 12 were positioned exactly correctly. Other
systems in which structure modelling is playing an active
role, in conjunction with experimental work, include the myb
oncogene and the giant muscle proteins titin and nebulin.
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NMR structure determination of molecular proteins

Group leader: A. Pastore

Fellows: M.A. Castiglione-Morelli*, M. Pfuhl*, A. Politou*

An ever increasing number of proteins has been shown to
consist of numerous independently folded domains. Nuclear
magnetic resonance (NMR) spectroscopy in solution is a
valuable tool for the structure determination of proteins up to
10 kDa. It is therefore a technique ideally suited for the study
of modular proteins. The interest of our group is focused on
two specific classes of modular proteins: those involved in
muscle assembly and DNA-binding proteins. '

Structure determination of domains of
DNA-binding proteins

How is gene expression regulated by proteins that recognize
and bind to specific sites on DNA? This is one of the central
problems in molecular biology. Transcriptional regulators
are a family of proteins often containing well defined and
independent domains of a suitable size for NMR studies.
Two projects concerning DNA-binding domains have been
carried out in our laboratory: the basic region and the
leucine zipper of the yeast transcriptional activator GCN4
and the dimerization domains from LFB1 and LFB3 proteins,
both involved in the hepatocyte-specific expression of many
genes.

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

A family of eukaryotic transcriptional activator DNA-binding
proteins, identified on the basis of amino-acid sequence
conservation, contains two contiguous regions (Landschutz
et al., 1988). One, the "leucine zipper", characterized by a
leucine every seven residues, dimerizes and positions the
other, the "basic region", so that it can interact specifically
with DNA. Indirect evidence suggested instead a short,
parallel coiled coil myosin-like fold (O'Schea et al., 1989).

In an attempt to elucidate the structure of the complete
DNA-binding domain, we initiated an NMR project in col-
laboration with H. Gausepohl in R. Frank's group and V.
Saudek at Merrell Dow Research Institute. The structure
of a 61-residue synthetic peptide containing both the basic
region and the leucine zipper of the yeast transcriptional
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activator GCN4 (residues 220-280) was solved. Two addi-
tional synthetic peptides with the sequence of the isolated
two domains were also studied (Saudek et al., 1991 a,b).

The solution structure of the leucine zipper region was
obtained by 1H NMR studies and distance geometry cal-
culations followed by restrained energy minimization. The
structure contains a long, uninterrupted helix slightly curved
as expected in a coiled coil. The domain shows structural
independence from the contiguous DNA binding region. The
high flexibility of the basic region precluded the extension
of the calculations to the whole chain, although there were
clear indications of helicity. In the absence of DNA, the
basic region appears as a flexible segment folded into a
loose helix. The helical stability increases upon addition of
trifluoroethanol and/or lowering the temperature. Our studies
suggest the formation of an uninterrupted helix spanning
both domains upon DNA binding.

The structure of a myosin-like dimeric peptide
from the transcriptional activator lFB1
(M.A. Castiglione Morelli, D. Nalis, A. Pastore (EMBL) &
R. De Francesco, R. Cortese (IRBM))

LFB1 and LFB3, two related transcriptional activator pro-
teins, are known to bind DNA as dimers and to heterodimer-
ize together in vivo and in vitro (Nicowe et al., 1990). The
dimerization domain has been located in both proteins in the
first 32 N-terminus residues. This region is highly homolo-
gous in the two proteins. Because of the high percentage of
leucine repeated every seven residues and its amphipathic
character, the dimerization domain is reminiscent of leucine
zipper domains. However, the secondary structure determi-
nation by NMR studies carried out on a synthetic peptide
containing the sequence of the N-terminal region of LFB1
showed that this domain is not a coiled coil but contains
three structurally distinct regions (Pastore et al., 1991). The
N-terminal region from residues 1 to 6 is extended. Two
helical regions span from residues 7 to 18 and from 23 to 32.
The same features are also observed for a peptide with the
amino-acid sequence of LFB3. Both peptides show a striking
conformational stability as determined by circular dichroism
spectroscopy and by NMR. Several experimental evidences
(De Francesco et al., 1991) suggest that the structure most



consistent with the experimental data is a four helix bundle
preceded by an extended region.

No intermolecular effects could be identified as expected
for a symmetric parallel dimer. To remove the symmetry,
a covalent hetero-dimer peptide was synthesized with the
amino-acid sequence of both the domains adding a C-
terminal Gly-Gly-Cys linker. The structure characterization
of the hetero-dimer is currently in progress.

Control of filament assembly by two giant
modular proteins: titin and nebulin
(M. Pfuhl, A. Politou, A. Pastore & K. Leonard)

Titin and nebulin are giant muscle-specific proteins thought
to control the length of the highly ordered assembly of mus-
cle proteins into the sarcomer. Together with other groups
at EMBL, our ultimate aim is the structural characterization
of these two proteins and the elucidation of their role. Our
group has started a long term project to determine the struc-
ture of titin and nebulin segments by multi-dimensional NMR
and to study their interactions with other muscle proteins.

Titin is the largest polypeptide yet found in nature
(M r 3 106 000) and constitutes between 5-10% of myofibril-
lar protein. Its recent molecular cloning has shown that titin
is organised into two types of repeating motif, termed class
I and class II, each containing about 100 residues (Labeit
et al., 1990). Type I shows sequence homology to type III
fibronectin domains and type II to the C2-immunoglobulin
super-family. Both domain types are thought to bind to
myosin. In the A-band the class I and II domains are
arranged in a regular 11 motif pattern, 1-1-1-11-1-1-1-11-1-1.

Nebulin has an estimated chain weight of 800 kDa and
represents about 4% of myofibrillar protein. Nebulin partial
cDNAs identified by the antibodies show repetition of a motif
consisting of approximately 35 residues with a tendency to
fold into a-helices (Labeit, 1991).

The modular assembly of both proteins allows the charac-
terization of isolated domains and their interfaces separately
from the rest of the molecule. The structural information so
obtained can then be extrapolated to the whole molecule.
During the past year, samples of type I and II titin domains
and nebulin repeats have been cloned by Mathias Gautel
in Kevin Leonard's group. Preliminary CD spectra have
shown that the domains are folded and monomeric. Both titin
domains have shown a clear ,8-sheet pattern. NMR studies
on a 15N labelled type II domain sample have resulted
in high quality spectra which provide the starting point for
whole spectrum assignment and structure determination.

The primary sequence of nebulin single repeats does not
show a strong a-helical tendency. It was therefore sug-
gested that isolated repeats would be either unfolded in
solution or aggregated. Accordingly, a synthetic peptide
with the amino-acid sequence of a single repeat showed
extremely low solubility in aqueous solution. In a number
of organic solvents, it shows no regular secondary struc-
ture. A genetically produced peptide containing the whole
super-repeat shows a helical CD signal (about 70% helicity).

Studies to determine how many single repeats are neces-
sary to stabilize the folding are in progress. The structure
determination by NMR of the super-repeat is also planned.

Protein structure analysis and dynamics:
acylphosphatase (V. Saudek (Merrell Dow) &
A. Pastore (EMBL) and calcitonin
(M.A. Castiglione Morelli (EMBL) & A. Motta (CNR))

Much may be learned about protein architecture and dy-
namics by analysing molecular structures. In this context,
two different projects have been carried out in collaboration
with external groups.

Acylphosphatase is a small enzyme (98 residues) found
in several tissues of vertebrates. It catalyses the hydrol-
ysis of organic acylphosphates with substrate specificity
for 1,3-diphosphoglycerate and carbamylphosphates (Ram-
poni, 1975). The non-refined solution structure of acylphos-
phatase from horse muscle was determined some time ago
by V. Saudek in R.J.P. Williams's group in Oxford (Saudek
et al., 1988, 1989). We have accomplished the structure
refinement by molecular dynamics methods and studied
the dynamical properties of the molecule. The structural
analysis of the structure helps to put it in context with
protein architecture studies. Acylphosphatase is a globular
protein with a rather uncommon ,8 - a ,8 motif, found so
far only in procarboxypeptidase B and in an RNA binding
protein. Two,8 a - ,8 units are intercalated into each
other leading to a 4-1-3-2 topology of the ,8-strands. The
second possible intercalation of the two units gives a 1-4-
2-3 topology which has been found in HPr, histidine-rich
protein. As with ,8-barrels or four helix bundles, it might
be challenging to design this folding by protein engineer-
ing.

Calcitonin is a single-chain polypeptide hormone of 32
amino-acids. Its best known action is the inhibition of bone
resorption. Calcitonin receptors have been localized mainly
on surfaces of target cells so the interaction of the hor-
mone with membrane and its structure in this amphipatic
environment are of interest. Sodium dodecyl sulphate mi-
celles are considered an acceptable model to mimick the
membrane environment. Full NMR spectrum assignment of
the resonances of calcitonin in SDS micelles was achieved
(Castiglione-Morelli et al., 1991). Three-dimensional struc-
tures consistent with NMR data were generated by us-
ing distance geometry and molecular dynamics
methods (Motta et al., 1991). Calcitonin is helical between
residues 6 and 22 with two less well defined terminal re-
gions. The C-terminus folds back towards the helix. During
the structure refinement, however, it became clear that the
long-range distances observed in solution could not all be
satisfied simultaneously. If spin diffusion can be ruled out,
this situation may be explained by the existence of dynam-
ically interchanging conformations. Calcitonin provides an
interesting application of time-averaged restrained molecu-
lar dynamics (Torda et al., 1990), which incorporates time-
averaged information explicitely. A comparison of the results
obtained by applying both time-averaged and conventional
dynamics shows a more accurate reproduction of the exper-
imental data in the former case.
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Gene Expression Programme

Introduction

Each stage in the process of eukaryotic gene expression,
Le. transcription, RNA processing, RNA transport and trans-
lation, is under study in the Programme. The complexity
of each of these processes per se as well as the multiple
mechanisms by which each step can be regulated necessi-
tates the use of a wide variety of experimental approaches.
These range from classical genetics over molecular genetics
to biochemistry and biophysics. The common aim of the
groups in the Programme is to elucidate the molecular
details of the steps of gene expression.

Turnover in the Programme continued at a high level this
year with the departure of Roberto Di Lauro and the arrival
of three new group leaders, Francis Stewart, Peter Becker
and Hans Scholer. Thus, while the balance between study
of transcriptional and post-transcriptional processes in the
Programme is maintained, the focus of the research has
changed somewhat. While all three of the new groups share
an interest in transcription mechanisms and the role of
transcription factors in early development two of the groups
bring a novel topic with them into the Programme. They are
interested in the role of chromatin structure in gene expres-
sion. In particular in· the question of how transcriptionally
active chromatin is set up in developing organisms. This
important topic has not yet been the subject of much study.

Interactions between members of the population of tran-
scription factors present in a particular cell type are nec-
essary to define the function of any particular single factor.
Thus, a given protein can have a positive, negative or
no effect on transcription from a particular gene promoter
depending on which other factors are expressed in the same
cell. Such factor-factor interactions and their involvement
in the specificity of action of members of two families

of transcription factors, the POU family and the steroid
hormone/vitamin receptor family, are being studied in the
Programme. Intriguingly, both seem to rely on similar or
identical co-factors for at least some of their activities.

On a more mechanistic level studies of basic transcription
in vaccinia virus and of polymerase choice in U snRNA
promoters has continued. Structural studies of both DNA
and RNA binding proteins have led to the identification of
domains, often conserved in families of related proteins, re-
sponsible for specific interactions with nucleic acids. Several
of these projects have led to the overproduction of protein
fragments for detailed study in collaboration with members
of the Biological Structures Programme.

Ribonucleoproteins (RNPs) play roles in an enormous di-
versity of cellular events. The development of new technol-
ogy to study RNPs, based on the use of oligonucleotides
of synthetic RNA and DNA analogs coupled to affinity or
histological reagents, has continued in collaboration with the
Biochemical Instrumentation Programme. U snRNPs, com-
ponents of the machinery responsible for processing primary
RNA transcripts to their mature form, have been studied with
both this and various other methodologies. The U snRNPs
function in intron removal from and poly-adenylation of
pre-messenger RNAs. Their relatives, the small nucleolar
(sno) RNPs have a role in the removal of the transcribed
spacers from the pre-ribosomal RNA and its maturation to
the mature rRNA species. Both of these classes of RNA pro-
cessing events are active areas of current interest. Finally
the involvement of RNPs in the regulation of translation of
a group of related mRNAs is being examined with a view to
gaining insight into the mechanism of initiation of translation
and its control.

113
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Functional analysis of mutant U snRNAs

We have made use of an oocyte complementation assay
that relies on the ability to destroy an endogenous U snRNA
and to replace it by the transcripts of a mutant or wild-type
gene to analyse U4 and U6 snRNA function. It is then pos-
sible to examine the splicing of precursor mRNA substrates
in the presence of the mutant snRNA. A large series of U4
and U6 mutants were analysed, providing a detailed picture
of functionally essential regions of the molecules. To help
elucidate the roles of U4 and U6 snRNAs in the splicing
reaction we examined the stage at which non-functional
mutants blocked splicing. Some sequences are required for
U4/U6 snRNP assembly, either since they basepair between
the two RNAs or due to their interaction with trans-acting
factors. After U4/U6 snRNP assembly interaction with U5,
to form a U4/U6/U5 triple snRNP, is thought to take place,
but this complex could not be detected in oocytes. None
of the inactive U4 or U6 mutants, however, was capable
of supporting the next step in the splicing reaction, the for-
mation of splicing complexes on the pre-mRNA containing
U1, U2, U4, U5 and U6 snRNAs. These results underline
the fact that U4 and U6 must play extremely important
structural roles in the spliceosome. In the absence of the
multiple interactions formed between spliceosome compo-
nents and these two RNAs stable assembly is impossi-
ble.

snRNP assembly

Two aspects of snRNP assembly have occupied our atten-
tion, RNA-protein and protein-protein interactions between
the snRNP components. Two snRNP proteins, U1 A and
U2B", have been the focus of a concentrated collabora-
tive effort that has occupied the last three years. The aim
of the project was to help in understanding the structural
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basis of the RNA binding specificity of the proteins. The
two proteins recognize similar RNA structures, hairpins with
closely related sequences in their loops. Indeed, only two
nucleotide changes are required to convert either of the
RNAs into a binding substrate for the other protein. The
minimal RNA binding segments of the two proteins, roughly
100 amino-acids long, are 73% identical. Although eight
clustered amino-acid differences were defined as being ma-
jor determinants of binding specificity, closer study revealed
that a large number of the amino-acid differences between
the two proteins had some effect on the specificity and
affinity of RNA binding, suggesting that the conformations
of the proteins and RNAs will fit each other closely over
a relatively large binding surface. This helps to explain the
very high affinity of the binding interactions. One particularly
intriguing aspect of this pair of proteins is that one, U1A,
is capable of specific RNA binding on its own, while the
second, U2B", requires interaction with a second protein,
U2A', to exhibit specific RNA binding. Given that the two
proteins must have diverged from a common ancestor,
this is quite unexpected. Evidence has been obtained that
suggests that U2A', in addition to its protein-protein in-
teraction with U2B', also very weak but specific
binding to U2 snRNA. Finally, attempts are being made
to develop assays that will enable direct analysis of other
protein-protein interactions within snRNPs. The occurrence
of such interactions has been deduced by indirect methods,
but they cannot currently be examined directly. Among the
methods being tested are in vitro and in vivo assays in
the yeast S.cerevisiae as well as in Xenopus oocytes and
human cell extracts.

Nucleo-cytoplasmic transport of RNA

Study of the nucleo-cytoplasmic transport of snRNP com-
ponents in Xenopus oocytes has continued. We were able



to show that although the trimethylguanosine cap struc-
ture characteristic of, and unique to, the RNA polymerase
II-transcribed U snRNAs, is an essential part of the sig-
nal targeting both U1 and U2 snRNA to the cell nucleus,
this is not the case for the U4 and U5 snRNAs. Investi-
gation of this difference is under way. It is currently not
clear whether the differences are due to the specific pro-
teins associated with each RNA or whether they are of
a more subtle nature. Detailed study of the transport of
a U1-specific protein, U1 A, has revealed that this pro-
tein can be transported to the nucleus independently of
U1 snRNA. The transport is energy-dependent and re-
quires an unusually.complex nuclear localization signal on
the protein. Once in the nucleus U1A does not remain
there but rather shuttles between the nuclear and cyto-
plasmic compartments. The equilibrium reached depends
on the number of free U1A binding sites present in the
nucleus, i.e. the number of U1 snRNA molecules lacking
the U1 A protein. The role of the monomethyl guanosine
cap structure, the cap found on mRNAs, in export of RNA
from the nucleus is also under active study. By combining
biochemical analysis of nuclear extracts of human (HeLa)
cells with transport experiments in Xenopus oocytes we
have discovered a candidate for a protein mediating cap-
dependent nuclear export of RNA. The protein' has been
purified and several peptide sequences determined. We
hope to use this information to obtain a cDNA coding for
the nuclear cap-binding protein to investigate its function
further.

Transcription of U6 genes

The unusual pol III transcription units represented by the
U6 snRNA genes have continued to interest us. In particular
the choice of RNA polymerase III, rather than polymerase
II, by the promoter. This property turns out to have a
complex molecular basis. Essentially all of the elements
of the promoter have some role in polymerase choice.
A major function in this process is played by the TATA-
like element of the promoter. Although genetic evidence
suggests that the TATA element acts differently in pol III
and pol II transcription, we have now demonstrated that
the pol II TATA-binding protein, TFIID, is required for the
RNA polymerase III-mediated transcription of the U6 gene
in vitro. How this is achieved in molecular terms is now
under study. A very important role seems to be played by
a protein or proteins that bind to the proximal sequence
element (PSE) of the U6, and of other, pol II-transcribed,
U snRNA promoters. Two candidate proteins, that bind to
the U1 and U6 PSE's respectively, are currently under
study.
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Specificity of binding and trans-activation
by thyroid hormone (T3R) and retinoic acid
receptor (RAR)

RA and T3 have multiple in the development
and homeostasis of the vertebrate organism. The nuclear
receptors for these hormones are closely related to each
other and, more distantly, to the steroid hormone receptors
together forming the steroid/thyroid hormone superfamily of
ligand-inducible transcription factors. In the current model of
steroid hormone action, the ligand binds to the monomeric
receptor and induces a nuclear translocation and/or dimer-
ization of the receptor. The homodimeric, ligand-activated,
receptor subsequently binds its cognate responsive element
and activates transcription. The binding of the receptor to
DNA as a homodimer dictates the structure of the hormone
responsive element consisting of palindromically arranged
half-sites. Consequently, RAR and T3R were anticipated to
bind as (homo)dimers to responsive elements comprised of
inverted repeats. However, we and others have identified
natural RAREs and T3REs which consist of direct instead
of inverted repeats of the motif GG/TTCA. The sequence
composition of the responsive elements are closely related
or even identical suggesting an overlap in the gene networks
activated by T3 and RA. This raises the question as to how
the specificity of binding and trans-activation in response to
ligand is maintained. Through mutational analyses, we have
now established that the requirements of T3R and RAR for
binding to direct repeats differ with respect to the spacing
between the half-site elements. T3R trans-activates through
direct repeats spaced by a 5 nucleotide gap as present in the
T3RE found in the Moloney murine leukaemia virus LTR but
not through direct repeats spaced by a 6 nucleotide gap as
present in the RARE found in the promoter of the RAR-,82
gene. In contrast, RAR appears to be more flexible with
respect to spacing requirements between repeats, although
much higher levels of trans-activation are obtained through
direct repeats spaced by a six nucleotide gap.
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RXRa, a promiscuous partner of RAR and T3R

Three findings indicated that the T3R/RAR receptor sub-
group differs functionally from the conventional model of the
steroid hormone receptors. Firstly, these bind their
responsive elements in the absence of ligand. Secondly,
they bind and trans-activate through responsive elements
organized as direct rather than inverted repeats. The binding
of the homodimeric receptor to a direct repeat element
excludes the type of protein-protein interactions between
DNA-binding domains as observed in the crystal structure
of the glucocorticoid receptor. Thirdly, RAR and T3R are
reported to form heterodimers in vitro which bind coopera-
tively to some T3REs. These observations prompted us to
investigate receptor-receptor and receptor-DNA complexes.
Purification of native recombinant RAR and T3R revealed
that they are mostly monomers in solution. A minor fraction
appears to be tightly associated with a nuclear auxiliary fac-
tor which co-purifies with both receptors. Furthermore, the
receptors are unable to form stable homodimeric complexes
on their responsive elements. Stable binding of the recep-
tors to their responsive elements requires heterodimeriza-
tionwith the nuclear factor. The purified auxiliary factor for
both RAR and T3R is indistinguishable from the retinoid X
receptor a (RXRa) by biochemical and functional criteria.
The identification of RXRa as a dimerization partner for
the RARs and T3Rs has important implications as to the
function of these receptors and their ligands in development,
homeostasis and neoplasia.

Mechanism of trans-activation by RAR

RA strongly induces transcription from the RAR-,82 promoter
in embryonal carcinoma (EC) cells through a RARE located
in close proximity to the TATA box. The close apposition be-
tween the RARE and the TATA box is striking in comparison
with other RA responsive elements which so far have been



found located further upstream from the transcription start
site. We, therefore, started to address the question whether
RAR and TFIID interact functionally and, if so, whether this
is a direct or factor mediated interaction. We have used
transient transfection assays to investigate the requirements
for RA-dependent transcription from the RAR-,82 promoter
in EC cells. We could demonstrate that recombinant human
TATA box binding protein, hTFIID, and RAR functionally
cooperate in trans-activation of the RAR-,82 promoter in
EC cells in a strictly RA-dependent manner. Surprisingly,
the core domain of hTFIiD appeared to be sufficient to
mediate RA-dependent transcription and Drosophila, but
not yeast, TFIID can substitute for hTFIID. Cooperativity in
trans-activation between RAR and hTFllD is not dependent
on the exact spacing between the TATA box and the RARE
in the co'ntext of the RAR-,82 promoter. However, coopera-
tivity, but not RA inducibility, is abolished when the RARE
is positioned upstream of a heterologous promoter. Taken
together, the data provide the first example of cooperativity
between a transcriptional activator and a basic transcription
factor in vivo and demonstrate that the C-terminal domain
of human TFIID can mediate both basal and activated
level of transcription. Cooperative trans-activation between
RAR and recombinant TFIID appeared to be restricted to
EC cells. This indicated that an activity required for the
functional interaction is present in EC cells but absent or
present at a low level in other cells. EC cells have previously
been shown to contain an activity which has properties
similar to the adenovirus E1A protein. We can show that
coexpression of the E1A protein confers the ability of RAR
to cooperate with recombinant TFIID in trans-activation of
the RAR-,82 promoter in COS cells. This finding suggests
that the E1 A-like activity in EC cells is required for RAR
and TFIID to cooperate in activation of transcription from
the RAR-,82 promoter in parallel to the role of E1A in COS
cells. Future studies will focus on the cloning of the E1 A-like
activity and characterization of the protein domains involved
in the interactions.

Vaccinia virus, a powerful expression system

Vaccinia virus has been used successfully to express
foreign genes for the production of functional and post-
translationally modified proteins. A disadvantage of this
system is the relatively low level of expression necesitat-
ing extensive purification of the recombinant protein. We
have developed a procedure facilitating rapid native purifi-
cation of vaccinia expressed proteins fused to an amino
terminal tag of six histidine residues. Extracts from cells
infected with recombinant vaccinia virus are loaded onto
Ni2+-nitrilotriacetic acid (NTA) agarose and histidine tagged
proteins are selectively bound and subsequently eluted with
imidazole containing buffers. Several His-tagged transcrip-
tion factors, including serum response factor (SRF) and
members of the steroid/thyroid hormone superfamily have
been expressed and purified to near homogeneity and ap-

pear to be functional with respect to DNA-binding and in vitro
transcription. Furthermore, the procedure can be used for
the purification of proteins associated with the recombinant
protein. Rapid purification of histidine-tagged recombinant
proteins under denaturing conditions using guanidinium hy-
drochloride containing buffers throughout binding and elu-
tion enabled the identification of phosphorylation sites. We
have thus identified the sites of phosphorylation in SRF and
RARa by protein sequencing and are studying the affect of
mutation of the phosphoserine into alanine on DNA-binding
and trans-activation.
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For most eukaryotic genes, post-transcriptional RNA pro-
cessing is required to generate the correct functional prod-
ucts. In the case of RNA polymerase II transcripts, which
mostly correspond to protein coding mRNAs, this process-
ing includes both "splicing", Le. excision of intervening se-
quences (introns) and cleavage and polyadenylation at the
3' terminus. This latter event results in the formation of a
"tail" of adenosine residues at the 3' terminus (termed the
"polyA tail"). During the past year we have continued with
biochemical studies of the basic mechanisms responsible
for such RNA processing reactions, with a particular em-
phasis on the analysis of splicing in mammalian cells. For
many of these studies we have continued a well estab-
lished collaboration with Brian Sproat's nucleotide chemistry
group at EMBL to develop further the use of modified RNA
analogues and oligonucleotides as tools for studying RNA
processing and RNA/protein complexes. In addition, during
the past 18 months our research interests have significantly
expanded in the area of nuclear cell biology and we are now
engaged in detailed studies of how and where the different
RNA processing reactions we have previously studied in
vitro actually take place within the cell.

Biochemistry of splicing

Splicing involves assembly of the pre-mRNA substrate
into a highly complex structure, termed a spliceosome,
wherein intron removal takes place. Major sub-units of the
spliceosome are small nuclear ribonuclear protein particles
(snRNPs), in particular U1, U2, U4/6 and U5 snRNPs. Each
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of these RNP particles contains either one or two small
RNAs (called U snRNAs) together with a specific set of
proteins. In conjunction with additional, non-snRNP protein
factors, snRNP particles bind to pre-mRNA at the respective
5' and 3' splice junctions, bring the 5' and 3' splice sites
together and may also catalyse excision of the intron. In our
previous studies we have used antisense oligonucleotides
to demonstrate that the mammalian U1, U2 and U4/U6
snRNPs are essential for splicing and spliceosome assem-
bly. We have now reported how antisense probes containing
the modified base 2-aminoadenine can be used to deplete
efficiently and specifically HeLa nuclear splicing extracts of
the other spliceosomal snRNP, U5, and have shown that
mammalian U5 snRNP is required in vitro both for spliceo-
some assembly and for both steps of the splicing reaction.
New antisense probes targeted to internal regions of U2
snRNP have also recently been round to inhibit selectively
the second step of pre-mRNA splicing. Progress has also
been made in developing rapid methods for characterizing
proteins associated with RNP particles. We anticipate that
the continuation of this work will lead to the identification
of new protein factors which can bind to splice sites and
snRNPs.

Chemical synthesis of RNAs and
site-directed ribose 2'-a-alkylation

In collaboration with Brian Sproat's group we have studied
the role played by the ribose group in functionally impor-
tant RNA sequences through the chemical synthesis of



RNA molecules containing 2'-O-alkyl riboses at selected
nucleotides. In one set of experiments, done together with
Marvin Wickens (Wisconsin) and Walter Keller (Basel), we
found that chemically synthesized RNA oligonucleotides
containing the recognition signal 5' ......AAUAAA......3' were
efficient substrates for 3' polyadenylation in vitro. Interest-
ingly, methylation of single ribose residues at some, though
not all, nucleotides within this recognition motif strongly
inhibit polyadenylation. These data indicate that ribose
recognition is an important component of the sequence
specific interactions which occur during RNA processing.
Other studies underway using this site-directed ribose alky-
lation approach include a systematic substitution analysis
of hammerhead ribozymes, i.e. RNA enzymes which can
be directed to cleave specifically targeted RNA sequences.
This analysis has shown that at least 30 nucleotides in
a 36 nucleotide hammerhead ribozyme can have ribose
replaced with 2' -O-alkyl ribose with only a minor reduction
in cleavage efficiency. At the same time the substituted
ribozyme shows a dramatic increase in resistance to nucle-
ase degradation. We anticipate that further improvements
can still be achieved in designing modified ribozymes with
higher cleavage efficiencies and greater stability and work
towards this goal is in progress.

In situ organisation of snRNPs and other RNPs

The distribution of splicing snRNPs in the nuclei of mam-
malian cells has been studied in detail. Wherever possi-
ble this has been done using co-localisation of both an-
tisense probes to snRNAs and monoclonal antibodies to
specific snRNP proteins. The in situ studies were done us-
ing biotinylated oligonucleotides made of both 2'-O-methyl
and 2' -O-allyl RNA and their sites of binding detected
by secondary labelling with fluorochrome-coupled avidin.
This has proven to be a powerful method for detecting
RNAs in situ and, in addition to the splicing snRNPs, we
have used it to analyse other RNA species such as rRNA
and nucleolar snRNAs. We are presently attempting to
apply this approach to study individual pre-mRNAs. We
have shown that each of the five snRNPs involved in pre-
mRNA splicing is widely distributed throughout the nucle-
oplasm of mammalian cells, excluding nucleoli. However,
there is a quantitative difference in the distribution of U1
snRNP relative to the others (U2, U4/U6 and U5), which
are particularly concentrated in discrete nuclear organelles
that appear in fluorescence staining as bright, round foci.
We have recently identified these nuclear snRNP foci as
"coiled bodies" structures previously described by cytolo-
gists and electron microscopists. The presence of snRNPs
in coiled bodies is disrupted by treatment of cells with
drugs that inhibit transcription, suggesting that they are
structures involved with the metabolism of nascent RNA.
We are therefore actively continuing with the analysis of
coiled bodies with the aim of elucidating their functional
role.
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Ribosome synthesis in Saccharomyces cerevisiae

Group leader: D. Tollervey

Fellows: M. Beltrame*, T. Dandekar*, Y. Henry*, J. Morrissey, I. Russell, H. Wood

Assistant: H. Lehtonen

The major part of the group's research in the past year
has involved the analysis of the role of trans-acting factors
and their cis-acting binding sites in the processing of yeast
pre-rRNA. As in previous years, our attention has been par-
ticularly concentrated on the function of the small nucleolar
RNAs (snoRNAs) and their associated proteins in ribosome
synthesis.

Identification and functional analysis of two U3
binding sites on yeast pre-ribosomal RNA

For more than 20 years it has been known that vertebrate
U3 can be isolated hydrogen-bonded to pre-ribosomal RNA
(pre-rRNA), and subsequent analyses have shown that this
is also the case for other snoRNAs. The sites of interaction
are, however, poorly characterized and we have therefore
attempted to identify the binding sites for the yeast snoRNAs
at the nucleotide level. Initial experiments showed that the
snoRNAs U3, U14, snR10 and snR30 can all be cross-
linked to the 35S primary transcript of yeast pre-rRNA by
4'-aminomethyl-4, 5', 8-trimethyl psoralen (AMT) and UV
irradiation in living cells. For U3, we have been able to
identify precisely two binding sites on 35S pre-rRNA. The
sites of cross-linking were initially localized to the 5' external
transcribed spacer (ETS) of the pre-rRNA using a "sand-
wich" blotting technique. Cross-linked 35S pre-rRNA was
then purified by sucrose gradient fractionation followed by
hybrid selection of those molecules cross-linked to U3. The
cross-linked nucleotides were identified by primer exten-
sion. Cross-linked U3 snoRNA was separated from the bulk
of U3 by sucrose gradient centrifugation and cross-linked
nucleotides were again identified by primer-extension. Two
regions near the 5' end of U3 are cross-linked to pre-rRNA;
the evolutionarily conserved box A region and a 10 nu-
cleotide sequence with perfect complementarity to an ETS
sequence. Two in vivo cross-links have been detected in the
ETS, at +470, within the region complementary to U3, and
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at +655,44 nucleotides from the cleavage site at the 5' end
of 18S rRNA. Computer modelling indicates that the +655
cross-linking site may lie in the loop of an extended stem,
with cleavage site A1 (the 5' end of 18S rRNA) at the base
of the stem. A primer extension stop designated Ao (Hughes
&Ares, 1991) also lies near the base of this proposed stem,
but on the opposite strand to the cleavage site. The region
adjacent to the +470 cross-linking site shows homology to
the evolutionarily conserved ETS cleavage site of vertebrate
pre-rRNA. In a mouse in vitro system, this site has been
shown to direct the assembly of a large complex, including
U3 snoRNA (Kass &Sollner-Webb, 1990), and it apparently
fulfills the same role in yeast.

To follow the effects of mutations in the ETS in vivo, we
constructed a "tagged" rONA repeat, in which short oligonu-
cleotides are inserted into non-conserved sites in the 5'
regions of 18S and 25S rRNA. The tagged repeat, also car-
rying the mutation to be tested, is integrated into one copy
of the chromosomal rONA and the effects of the mutation
on rRNA synthesis are followed by northern hybridization
using oligonucleotides specific for the tags. Surprisingly,
mutations in the two U3 binding sites have different effects
on pre-rRNA processing. A small caletion (Ll23) around the
+470 cross-linking site, which removes the region of comple-
mentarity to U3 and most of the homology to the vertebrate
ETS cleavage site, prevents the synthesis of 18S rRNA.
Primer extension using oligonucleotides specific for the tags
shows that the Ll23 mutation abolishes cleavage at sites A1
and A2, the normal initial cleavage sites of yeast pre-rRNA.
In contrast, deletion and substitution mutations at the +655
cross-linking site do not prevent accumulation of 18S rRNA.
Primer extension shows, however, that cleavage at site A2 is
abolished by these mutations, although cleavage at site A1
continues. None of these mutations prevent the synthesis
of 25S rRNA. Consistent with this, depletion of U3 itself
prevents accumulation of 18S, but not 25S rRNA (Hughes
&Ares, 1991).



The snoRNA-associated protein NOP1 is required
for many steps in ribosome synthesis

The function of NOP1 has been studied in collaboration with
the group of Ed Hurt (EMBL). This protein is associated with
all (12) known yeast snoRNAs and is highly homologous
to the vertebrate nucleolar protein "fibrillarin". Alignment
of NOP1 with human or Xenopus fibrillarin shows greater
than 70% identity over the entire protein, indicating a very
high evolutionary constraint on the structure of NOP1. This
high degree of structural conservation is also matched by
functional conservation. NOP1 is essential in yeast, but
can be complemented by the expression of either human
or Xenopus fibrillarin. This provides strong support for the
notion that the basic mechanisms of ribosome synthesis are
similar in yeast and vertebrates.

To analyse the function of NOP1, we have made use of
a strain in which the NOP1 coding sequence is fused
to the regulated GAL10 promoter. Pulse labelling of pro-
teins shows that strains depleted of NOP1 are greatly
impaired in the production of cytoplasmic ribosomes, and
they have a reduced level of rRNA. Northern hybridization
and pulse/chase labelling of pre-rRNA show a progressive
impairment of all pre-rRNA processing steps. The pathway
leading to 18S rRNA is particularly affected. Methylation of
pre-rRNA is concomitantly impaired and unmethylated pre-
rRNA accumulates and is not processed over long periods.

Depletion of NOP1 clearly has a complex phenotype and
we wished to determine whether different nop1 alleles can
separate different aspects of the phenotype. Identification of
alleles which show only part of this phenotype, or distinctly
different phenotypes, would be good evidence for a direct
role for NOP1 in many aspects of ribosome synthesis. In
contrast, identification of several nop1 alleles with similar
phenotypes, differing only in intensity, would suggest that
much of the observed phenotype is due to indirect or sec-
ondary effects. Five temperature-sensitive alleles of nop1
were generated and tested. Strikingly, the phenotypes of
all five mutations are distinctly different, and none closely
resemble the phenotype of the GAL::nop1 mutation. Two
alleles (nop1.2 and nop1.5) drastically impair pre-rRNA
processing. The synthesis of both 18S and 25S rRNA is
strongly reduced; nop1.5, in contrast to GAL::nop1, more
strongly reduces 25S than 18S rRNA synthesis. The three
other alleles (nop1.3, nop1.4 and nop1.7) do not greatly
impair pre-rRNA processing at the non-permissive temper-
ature. Strains carrying nop1.3 are blocked in the nucleolar
methylation of pre-rRNA, although late, cytoplasmic methy-
lation of rRNA and tRNA methylation appear to continue.
This mutation has, therefore, uncoupled processing and
methylation. Methylation of pre-rRNA can also be blocked
by treatment with ethionine; here too, only mild effects on
processing are observed, indicating that in yeast methyla-
tion is not required for processing. Strains carrying nop1.4
and nop1.7 synthesize ribosomes which have much lower
sedimentation rates on sucrose gradients than do wild-type
ribosomes. This suggests that ribosome assembly is defec-
tive in these strains with the result that the ribosomes are
less stable than normal and no longer resistant to the ele-
vated salt conditions used for sucrose gradient fractionation.

We conclude that NOP1 is required for all major steps in
ribosome synthesis, pre-rRNA processing, pre-rRNA modi-
fication and ribosome assembly.

Characterization of new nucleolar proteins

NOP1 shares a strikingly conserved repeated sequence
motif, rich in glycine and arginine residues (the GAR do-
main), with·other nucleolar proteins from yeast and higher
eukaryotes. Using this region as a hybridization probe, both
we and the group of Dr. B. Lapeyre (Toulouse) have isolated
new nucleolar proteins. One of these is designated GAR1,
and we have analysed its function in collaboration with the
group of Dr. Lapeyre. GAR1 is associated with the snoRNAs
snR10, snR30 and snR31, but not with other snoRNAs
tested (snR190, U3 and U14). GAR1 is essential for viability
and a conditional allele was therefore constructed by placing
the expression of GAR1 under the control of an inducible
GAL10 promoter. Strains depleted of GAR1 are defective
in the synthesis of 18S rRNA and have an RNA processing
defect very similar to that of strains depleted of the snoRNAs
U3 (Hughes & Ares, 1991), U14 (Li et a/., 1990) or snR1 O.
This would be consistent with GAR1 being required for the
function of one or more of the essential snoRNAs.

We have cloned two further nucleolar, GAR-containing pro-
teins, NSR1 and NOP3, using the GAR domain probe.
As judged by immunoprecipitation, these proteins are not
associated with the snoRNAs. This is somewhat surprising
because NSR1 and NOP3, unlike the snoRNA-associated
proteins NOP1, GAR1 and SSB1, have good consensus
RNA binding domains, suggesting that they interact with
some RNA species. Both NSR1 (Lee et a/., 1991) and NOP3
have recently been independently cloned by other groups
and initial results implicate both proteins in nuclear transport.
NSR1 shows structural similarities to the vertebrate nucle-
olar protein "nucleolin", although their identity has not been
established. Surprisingly, even complete deletion of the
NSR1 gene results in only a modest impairment of growth.
NOP3 is, however, essential for viability. Conditional expres-
sion under control of an inducible GAL 10 promoter shows
that depletion of NOP3 results in the impairment of the
last steps in pre-RNA processing. Results from ourselves
and other groups indicate that this would be consistent with
reduced availability of ribosomal proteins, conceivably as a
consequence of impaired transport.

Characterization of the E.coli
signal recognition particle

E.coli contains a ribonucleoprotein particle which contains
at least two components; the 4.5S RNA and the P48 pro-
tein. This particle may function in secretion as a ribosome-
associated chaparonin. We have examined the ability of
mutant 4.5S RNA molecules to bind P48 in vitro and in vivo
and to function in vivo. The aim of these experiments is
to identify the binding site for the protein and to determine
whether association with P48 is required for the function of
4.5S RNA. A number of different point mutations in 4.5S
RNA have been identified which block P48 binding and
prevent function of the RNA.
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Cytoplasmic gene regulation

Group leader: M.W. Hentze

Fellows: A. Constable*, N.K. Gray, H.E. Johansson, O. Melefors*, R. Stripecke

Visitor: E.M. Coccia*

Assistants: B. Goossen, S. Quick*

Gene regulation converges at the level of mRNA transla-
tion, where genetic information serves as a template for
functional proteins. Like all other levels of gene expression,
translation can be regulated by physiological signals. Our
group pursues three major goals: to contribute to defining
the mechanisms involved in translation initiation, to elucidate
mechanisms for translational regulation and to understand
how a cytoplasmic trans-acting factor and its binding to
target mRNAs maintain the cellular and systemic balance
of the critical nutrient iron.

Iron-responsive elements in translational regulation

Iron-responsive elements (IREs) are approx. 30 nucleotide
long mRNA elements which are defined by RNA sequence
and secondary structure characteristics (Plate 43). A highly
conserved cytoplasmic protein, called "iron regulatory factor"
(IRF) or "IRE-binding protein" (IRE-BP), interacts with IREs
and imparts iron-dependent regulation at the level of trans-
lation (to ferritin mRNA) or mRNA stability (to transferrin
receptor mRNA).

In vivo function as position-dependent
translational repressors (B. Goossen)

An IRE located within 40 nucleotides from the 5' end of fer-
ritin mRNA mediates a low rate of ferritin biosynthesis when
cells are iron deprived and efficient ferritin translation when
cells are iron rich. Iron deprivation induces IRF binding to the
IRE. We demonstrated that the resulting IRF/IRE complex
acts as a translational repressor in vivo. Interestingly, the
complex can only block translation initiation efficiently when
the IRE is located close to the 5' terminus of an mRNA.
Introduction of RNA "spacer" elements that increase the
distance between the IRE and the cap permit the translation
initiation machinery to overcome the IRF/IRE block. Since
other translational cis-regulatory sequences were also re-
cently found to require cap proximity, the "position effect"
of the IRE may reflect a commonly used mechanism to
regulate translation initiation. The molecular nature of this
mechanism will be examined employing recently established
in vitro systems.

PLATE 43

Nucleotide sequence and secondary structure characteristics of
iron-responsive elements (IREs). The filled circles represent nu-
cleotides without specific sequence requirement, the solid lines
between filled circles indicate hydrogen bonding. Broken lines sym-
bolize optional hydrogen bonding.
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In vitro reconstitution of IRF/IRE-mediated
translational repression (N.K. Gray)

The translation of a CAT indicator transcript bearing an IRE
34 nucleotides downstream from the cap (IRE-CAT) was
shown to be repressed by addition of affinity-purified IRF in a
dose-dependent fashion in wheat germ cell-free translation
extracts (WGE). Deletion of the C-residue in the loop of
the IRE (Plate 43) imparts a constitutively de-repressed
phenotype to in vivo and in vitro, demonstrating the
fidelity of the system. In contrast to WGE, rabbit reticulocyte
lysate (RRL) contains endogenous IRF activity. Translation
of IRE-CAT in RRL is repressed and can be relieved by
titration with synthetic IREs; is translated efficiently
in RRL and cannot be stimulated with synthetic IREs. These
two systems will now be employed to dissect the mechanism
by which the IRF/IRE complex interferes with translation.
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PLATE 44

Iron-dependent dual function of iron-regulatory factor (IRF). The
cellular iron balance is suggested to be sensed by IRF and induce
reversible interconversions between [3Fe-4S] and [4Fe-4S] states
of the predicted IRF Fe-S cluster. These interconversions elicit
either the IRE-binding or the aconitase activity of IRF.

(cellUlar Iron Balance: Fe l / Fe Fet;7
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Functional characterization of IRF (A. Constable,
S. Quick & N.K. Gray in collaboration with P. Argos)

We found the primary amino-acid sequence of IRF (also
called IRE-BP) to be highly homologous with the iron-
sulphur (Fe-S) protein aconitase. 100% of the functional site
residues identified from the crystal structure of aconitase
are conserved in IRF, suggesting that IRF is an Fe-S pro-
tein itself and may also possess aconitase activity. Purified
aconitase is often inactive and can be activated by treatment
with iron salts in reducing buffers. This activation is based
on the reconstitution of a [4Fe-4S] from a [3Fe-4S] cluster.
With this information, we reconstituted iron regulation of the
IRE-binding activity of IRF in vitro. Addition of iron salts
to purified IRF diminishes IRE-binding, whereas incubation
with iron chelators activate the IRE-binding activity of IRF.
Our data and results obtained by other laboratories suggest
that IRF may serve a dual function as an RNA-binding
protein and an enzyme. The cellular iron balance may
determine the state of the postulated Fe-S cluster, such
that IRF acts as an IRE-binding protein when the cluster
is [3Fe-4S] and turns into an active enzyme when the Fe-S
cluster is in the [4Fe-4S] state (Plate 44).

Regulation of erythroid 5-aminolevulinate synthase
mRNA (0. Melefors, B. Goossen & E.M. Coccia)

80% of all iron in the body is utilized to synthesize heme in
erythroid cells. Heme biosynthesis involves 8 enzymes, of
which the first, S-aminolevulinate synthase (ALAS), appears
to constitute a rate limiting step under at least some condi-
tions. Thus, we were very intrigued to find an IRE in a cap-
proximal position of eALAS mRNA. We demonstrated that
IRF binds to the eALAS IRE and that the eALAS IRE is suf-
ficient to confer translational control in vivo and in vitro. We
also showed that iron regulates the association of eALAS
mRNA with polyribosomes in murine erythroleukemia (MEL)
cells. Polyclonal antisera raised against eALAS overex-
pressed in E.coli are currently used to examine the effect of
IRF/IRE on eALAS translation during differentiation of MEL
cells. In particular, we hope to learn how IRF may contribute
to the regulation of the major iron utilization pathway in the
body. In addition, profound changes in the molar ratio of
IRF to IREs occur during MEL cell differentiation. The effect
of these changes on the regulation of IRF target genes
(eALAS, ferritin, transferrin receptor) will be analysed.

RNA-binding proteins as surrogate translational
repressors (R. Stripecke)

The IRE system is currently the only well characterized
eukaryotic example for translational regulation via a re-
pressory RNA/protein complex. This raises the question
whether specific properties of IRF (in addition to high affinity
IRE-binding) are required to block translation or whether
the formation of a high affinity RNA/protein complex in the
S'UTR of an mRNA suffices in principle for specific transla-
tional repression. Binding sites for the bacteriophage protein
MS2 or for the spliceosomal protein U1 A were introduced
into a cap-proximal position of CAT indicator transcripts.
These transcripts were analyzed in wheat germ or rabbit
reticulocyte cell-free translation systems. Addition of purified

Add specific RNA-binding protein
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High affinity RNA-binding proteins as surrogate translational repres-
sors. Similar to the IRE/IRF system which regulates ferritin mRNA
translation, RNA-binding proteins that have biological functions un-
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related to translation can act as "surrogate" translational repressors,
if a high affinity binding site is located close to the 5' end of the
indicator mRNA.



binding proteins induced a concentration-dependent re-
duction of CAT translation without affecting the stability
of the CAT RNA. Transcripts with mutated binding sites
were not repressed. Extraction of repressed RNA with
phenol/chloroform rescued efficient CAT translation. These
experiments establish that RNA-binding proteins without
physiological functions in eukaryotic translation can serve as
"surrogate" translational repressors in vitro (Plate 45). We
are now trying to extend these conclusions to transfected
cell lines and hope to be able to define the exact molecular
mechanism by which a high affinity RNA/protein complex
perturbs translation initiation.

Targeted antisense arrest of translation by
modified oligoribonucleotides (H.E. Johansson)

To study and characterize the translation initiation pathway
and cellular components that interact with an mRNA at
the different phases of initiation, we wish to arrest and
trap initiation intermediates on the mRNA template. Anti-
sense 2'-O-alkyl-oligoribonucleotides ("oligos") (developed
by Brian Sproat and Angus Lamond) were directed against
various regions of three different transcripts and tested
for their ability to block cell-free translation of the target
transcript while leaving the other two unaffected. Oligos
hybridizing to any region of the 5'UTR or within 15 nu-
cleotides of the AUG initiation codon were shown to inhibit
translation without affecting the. integrity of the arrested
mRNA. Thus, depending on their location, the oligos will
most likely interfere with different steps of the initiation
cascade. Oligos that were complementary to the rest of the
open reading frame or the 3'UTR did not affect translation.
Biotinylated anti-3'UTR oligos will be tested as "hooks" for
the purification and characterization of arrested initiation
factor/mRNA complexes. In addition, we plan to investigate
the efficiency of these oligos to arrest mRNA translation in
transfected cell-lines that stably express the non-essential
indicator genes.
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The structure of active promoters in chromatin

Group leader: P.B. Becker*

Fellow: C.E. Mitchelmore*

Assistant: G. Wall*

Vital biochemical reactions in the nucleus of eukaryotes,
such as DNA replication and transcription, occur on chro-
matin rather than on protein-free DNA. Winding of DNA
around nucleosomes, the basic and ubiquitously repeated
structural chromatin unit, is necessary to condense the
2x 108 base pairs of a fly genome so that they fit into the
nucleus. DNA condensation is accompanied by a decreased
accessibility of the sequences complexed with histones. The
differential expression of genes in a given cell necessitates
local chromatin non-homogeneities such that, in general
terms, active sequences are more accessible than inactive
ones. Interestingly, more and more examples are being
described where structural components of chromatin, such
as nucleosomes, contribute in very specific ways to the
regulation of transcription initiation. Specificity is introduced
into histone-DNA interactions where a nucleosome does not
bind sequences at random, but rather appears to be posi-
tioned more or less precisely with respect to the underlying
DNA sequence. This positioning, which may in part be a
function of the DNA sequence itself but almost certainly
requires other determinants such as boundaries and the
action of sequence-specific DNA binding proteins, becomes
relevant for transcriptional regulation when nucleosomes
are positioned close to or even within promoters. We are
interested in the mechanisms underlying nucleosome posi-
tioning, the specific effects of positioned nucleosomes on
the topology of a promoter and the regulatory mechanisms
whereby nucleosomes modulate the access of transcription
factors to their sites of action.

Establishment of active promoter structures
during Drosophila embryogenesis

Promoters are activated in a cell-specific manner according
to a defined programme during the development of an
organism. Active or inactive states are characterized by spe-
cial chromatin structures which may contribute to the stable
inheritance of an activity state in the absence of the original
inducer. Certain promoters are also activated in a quick
response to environmental stimuli such as a heat shock or
the presence of a hormone. In the latter case the changes
in chromatin structures parallel the activation kinetics which
may be in the order of minutes. We use Drosophila embryos
to study active promoter formation during development and
in response to a quick inducer. General transcriptional com-
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petence is first acquired during nuclear division 10 (90 min
after egg laying) in the syncytial blastoderm state of the
developing embryo. Transcription of genes by RNA poly-
merase II is maximal during the cellular blastoderm state
(about 3 hours after egg laying). A subset of promoters
is further activated during later stages in response to the
steroid hormone ecdysterone. The developmental establish-
ment of committed,active or induced promoters should be
paralleled by the appearance of special chromatin features
in the promoter's vicinity such as positioned nucleosomes
and nucleosome-free sites. Using model promoters we seek
to analyse the determinants of those structures and their
relative importance for a defined promoter configuration and
activity state.

Drosophila embryos - a convenient model system

From large populations of fruit flies substantial numbers
of embryos of defined developmental stages can be ob-
tained relatively easy and at low cost. During the last
few months of the year we have established a fly colony
with about 200,000 adult flies. We routinely collect up to
10 grams preblastoderm embryos during one day, an ex-
cellent starting material for the experiments detailed be-
low.

In vivo analysis of protein/DNA interactions
in fly embryos

Our strategy to observe active promoter configurations in the
context of chromatin follows two lines of research: a high-
resolution analysis of protein-DNA interactions at model
promoters in vivo and the reconstitution of structures and
function in a cell-free system. Starting in spring 1992 we will
apply the in vivo footprinting methodology to permeabilized
embryos at defined developmental stages to map positioned
nucleosomes, nucleosome-free sites and transcription factor
binding at the hsp27 gene promoter in four configurations:
the inactive promoter before nuclear division 10, the com-
petent promoter around division 10, the active promoter
after division 14 and the induced promoter in response
to heat shock and the steroid hormone ecdysterone. Our
special interest will be to score more examples of posi-
tioned nucleosomes in a promoter context and to derive
three-dimensional models for promoter configurations.



Assembly of spaced chromatin

Drosophila embryos are an excellent starting material for the
biochemical analysis of many biological activities. We have
developed a cell-free system for reconstitution of chromatin
in vitro. Our extract, which is derived from preblastoderm
embryos, reconstitutes bona fide nucleosomes with high
efficiency on recombinant DNA. A special feature of this
system is the assembly of spaced chromatin, Le. the nucle-
osomes are not artificially close-packed but rather appear
to be regularly spaced with a linker length characteristic of
chromatin in vivo (Plate 46). We are interested in determin-
ing the molecular basis for this spacing and in particular
whether it involves histone modifications.

Determinants of nucleosome positioning

Complementing our search for positioned nucleosomes by
in vivo footprinting we are trying to learn about the determi-
nants of nucleosome positioning by in vitro reconstitution.
Nucleosomes are assembled on plasmid DNA either by our
embryo extract or from pure histones in a dialysis proce-
dure. Starting from sequences known to provide a strong
rotational setting (some artificial sequences, the 5S DNA,
etc.) we try to evaluate the potential of the
assembly to position nucleosomes. Moving to natural pro-
moter sequences which by themselves are not sufficient for
positioning, we ask whether the sequence-specific binding
of proteins influences the assembly of nucleosomes close-
by. Initial experiments have revealed that our reconstitution
extract has some potential for nucleosome positioning. We
would like to find out whether any specific criteria, such
as a modification status of histones or the presence of as
yet unidentified extract components, are required for this
phenomenon.
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In vitro reconstitution of chromatin structures
and active promoters in chromatin

Guided by in vivo findings we make use of our in vitro
systems to reconstitute active promoter configurations in
chromatin. Promoter activity can be assayed in an efficient
cell-free transcription extract derived from nuclei of older
embryos. The assembly of chromatin in the presence or
absence of histone H1 represses transcription quickly and
efficiently. This observation is the starting point for our
attempt to activate a promoter by binding of recombinant
transcription factors. The basic idea is that we may be able
to mimic the developmental activation of promoters in vivo
by adding transcription factors or accessory proteins from
later developmental stages to our nucleosome assembly
system that represents the milieu of the preblastoderm
embryo. All factors that we use are recombinant and are
expressed either in E.coli or, with help of the Henk Stunnen-
berg's group, via vaccinia virus vectors in higher eukaryotes.
We seek to classify the DNA-binding proteins involved with
respect to their ability to interact with nucleosomal DNA or
to compete efficiently with nucleosomes for their promoter
binding sites. The first promoters to be studied are the
hsp70 gene promoter, where we would like to determine the
factors that are responsible for the formation of an accessi-
ble (DNase I-hypersensitive) site in chromatin (collaboration
with C. Wu, Bethesda) and the hsp26 gene promoter where
our focus is on the effect of a positioned nucleosome within
a promoter on promoter topology and the three-dimensional
alignment of remote transcription factor binding sites.

Publications during the year

Becker, P.B., Rabindran, S.K. & Wu, C. (1991). Heat shock-
regulated transcription in vitro from a reconstituted chro-
matin template. Proc. Natl. Acad. Sci. USA, 88, 4109-4113

Weih t F., Nitsch, D., Reik, A., SchOtz, G. & Becker, P.B.
(1991). Analysis of CpG methylation and genomic footprint-
ing at the tyrosine aminotransferase gene: DNA methylation
alone is not sufficient to prevent protein binding in vivo.
EMBO J., 10,2559-2567

PLATE 46

Analysis of histone H1-containing chromatin assembled in an ex-
tract from preblastoderm fly embryos by digestion with micrococcal
nuclease. The analysis demonstrates the completeness of the
chromatin reconstitution and enables the determination of the linker
length.
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The POU factors in murine development

Group leader: H.R. Sch6ler*

Fellows: H. Hess*, W. Peter*, I. Sylvester*

Assistant: K. HObner*

The period of murine development following fertilization of
the egg through early post-implantation is characterized by
events that shape the structure of the embryo and inte-
grate it into the maternal environment. To bring about these
essential changes, cells of the embryo proliferate rapidly,
differentiate and migrate, and thereby form the rudiments
of the body plan. Genetic analysis of both vertebrate and
invertebrate development has contributed to the idea that a
precise program of maternal and embryonic gene expres-
sion is elaborated during early development and underlies
the orderly progression of morphogenetic events.

Members of the POU family - a group of transcriptional
regulatory proteins - are expressed in the murine embryo.
This family has been defined as a group of related proteins
containing a bipartite DNA binding region. The POU region
consists of a homeodomain and an amino-terminal domain
designated as the POU-specific domain. The regions out-
side these two domains are highly divergent and contain
domains required for transcriptional activation. Several POU
factors activate transcription via the octamer motif (ATTTG-
CAT), and have been termed octamer-binding proteins or
Oct factors. Two of them, Oct-4 and Oct-6, are expressed in
the preimplantation embryo and thus may regulate events
in early murine development. The topic of our group is to
understand at a molecular level the roles which Oct-4 and
Oct-6 play in the developmental processes of the murine
embryo.

Involvement of bridging factors in
transcriptional activation by Oct-4
and Oct-6 in embryonic stem cells

Several lines of evidence have suggested that Oct factors
require cell-specific co-activators to exert their full activity in
transactivation of target genes and that viral E1 A is promis-
cuous in being able to replace cell-specific co-activator(s) of
Oct factors.

(1) A comparison of the expression of Oct-4 and the
permissivity for growth of certain viruses during early
mouse embryogenesis and in EC cells reveals a strik-
ing complementary pattern. When mouse embryos are
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infected with SV40 and polyoma virus, the early multi-
potent cell lineages - the same tissues that express
Oct-4 - do not support viral gene expression. The
same block is observed in EC cells, where it seems
to be mediated by an endogenous E1 A-like factor. The
block in expression is due to repression of the viral
enhancers. When EC cells are induced to differentiate
repression of viral gene expression is relieved.

(2) The octamer motif is found in various cellular promoters
and enhancers, e.g. the immunoglobulin heavy chain
(lgH) enhancer. The IgH enhancer is active in lymphoid
cells whereas it is inactive in fibroblasts. However, in
the presence of E1 A the IgH enhancer is repressed
in lymphoid cells and is activated in fibroblast cells.
Because the octamer motif of the IgH enhancer is the
major determinant of its cell-type-specific expression,
proteins interacting with this motif may also interact
with E1 A mediating both transcriptional activation and
repression. The octamer motif also confers transcrip-
tional activity in undifferentiated F9 cells where Oct-4
and Oct-6 but not the B-cell specificOct-2 protein are
expressed.

(3) In cellular genes the distance between the octamer
motif and the TATA box varies considerably. In undif-
ferentiated F9 cells and in B-cells the octamer motif
confers transcriptional activity even if it is at a remote
position. However, ectopirally expressed Oct factors
can only activate transcription if the octamer is next
to the TATA box, and not from a position far up- or
downstream.

(4) It is believed that E1 A does not bind to DNA in a
sequence-specific manner but that it requires viral or
cellular proteins to exert its function. Since E1 A inter-
acts with multiple cellular proteins the interaction with
DNA might be mediated by such proteins.

As an initial step to elucidate a possible relationship between
Oct-4 and the E1 A-like factor in EC cells, the influence of
adenovirus E1 A on the activity of Oct-4 was characterized.
Indeed, transactivation by Oct-4 is strongly stimulated in
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PLATE 47

A model for activation and repression of Oct-4 by E1A. Ectopic
expression of Oct-4 in differentiated cells activates transcription only
if the octamer motif is near the TATA box (middle left) but not if it
is at a remote position (top). For distance-independent activation a
bridging factor is required, that by linking Oct-4 and TFIID activates
transcription (middle right). This bridging factor could either be a
stem cell specific factor or the promiscuous large E1 A protein.
Activation is lost when the amounts of Oct-4 (top) or of E1 A (bottom)
are increased or if the transactivation domain of Oct-4 is deleted.
Activation is partially restored when the Oct-2 glutamine-rich region
is fused to inactive Oct-4 deletion mutants. According to the model
high levels of Oct-4 result in squelching of E1 A, while high levels
of E1 A act in a mode of repression we term surface saturation.
Due to surface saturation the bridging factor sites of Oct-4 and
the TFIID contain bound E1 A thus preventing their interaction. In
pluripotent cells we postulate a specific bridging factor. Since E1 A
can substitute for this factor, one candidate for the bridging factor
in pluripotent cells is the E1 A-like factor.
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the presence of large E1 A (289 amino-acid protein) in
differentiated cells and this synergistic stimulation can even
occur from a downstream enhancer. Enhancer-stimulation
by Oct-4 can be achieved either by its own transactivation
domain or by the glutamine-rich region of Oct-2. Since
stimulation depends on a transactivation domain linked to
Oct-4, the activation domain of large E1 A is not sufficient
for distance-independent activation by Oct-4. In contrast to
the strong stimulation of Oct-4 mediated gene activation,
Oct-2 and Oct-1 only slightly stimulate transcription in the
presence of E1 A.

Because E1 A and Oct-4 can bind to each other in vitro,
E1 A is an intriguing candidate for linking Oct-4 to the basal
transcription machinery in vivo (Plate 47). Oct-factors and
large E1A have to be present in a certain ratio, higher
expression of either results in a loss of transcriptional ac-
tivation, probably due to squelching or surface saturation of
participating factor(s). From our experiments we concluded
that distance-independent transcriptional activation reflects
the function of E1 A as a bridging factor (BRF) allowing
Oct-factors to interact with TATA box factor(s). As shown
recently, large E1 A directly interacts with TFIID (Lee et al.,
1991).

We postulate that E1 A can substitute for a bridging factor
present in pluripotent progenitor cells and that this bridging
factor is the E1 A-like factor. To investigate the interaction of
Oct-4 and Oct-6 with regulatory proteins in embryonic stem
cells, we are taking the following approaches:

establishment of a bridging factor assay;
coimmunoprecipitation of proteins with Oct-4 and Oct-6
antibodies;
a binding assay to detect readily such proteins;
a functional in vitro transcription assay to study bridging
factors and finally
cloning of proteins specifically binding to Oct-4 and
Oct-6.

In addition to investigating bridging factors as coactivators
for Oct factors we are particularly interested in answering
the following questions:

(1) How are Oct-4 and Oct-6 regulated in embryonic stem
cells and in the developing embryo?

(2) What is the role of the Oct-4 and the Oct-6 genes
in embryonic stem cells 2.:ld in the preimplantation
embryo?

Determination of the regulatory elements
required for Oct-4 expression in the pluripotent
progenitor cells of the early mouse embryo

The aim of this project is to investigate the regulation of the
Oct-4 gene during murine embryogenesis. As determined
by in situ hybridization, Oct-4 expression is developmentally
regulated at several embryonic stages (Plate 48): Oct-4
mRNA is found in maturing and ovulated oocytes. Upon
fertilization Oct-4 message decreases to a background level
at the four-cell stage. At the eight-cell stage, the mRNA
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(1) To determine the temporal expression of Oct-4 protein
in embryonic stem cells and the pre-implantation em-
bryo.

(2) To determine the role of Oct-4 in the undifferentiated
state of embryonic stem cells.

The specific aims are:

This role of the Oct-4 gene in pluripotent cells will be studied
by using embryonic stem cells a"d mouse preimplantation
embryos as model systems. In combination with the search
for target genes, we will also address the question of
whether Oct-4 acts early in the hierarchy of regulatory genes
required for the identity and maintenance of the germline
lineage (Plate 49).

Flow diagram of Oct-4 gene expression the developing embryo indi-
cating that Oct-4 is expressed in the germline. The boxes represent
expression of Oct-4 in cells and tissues, the bold arrows represents
the germline lineage. In cells and tissues that are not framed,
expression is either strongly reduced or not detectable. ES and
EC represent embryonal stem and embryonic carcinoma cell-lines,
respectively, that are used as model systems for cells expressing
Oct-4. Horizontal arrows indicate differentiation of topipotent and
pluripotent stem cells away from the vertical germline axis.
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In generating transgenic mice by means of Oct-4/lacZ fu-
sions we want to define regulatory elements that are re-
sponsible for the expression pattern of Oct-4. Since Oct-4 is
found to be expressed in the totipotent and pluripotent stem
cells of the pregastrulation embryo and is down-regulated
during differentiation of these cells, we are especially in-
terested in regulatory elements that firstly restrict Oct-4
expression to the pluripotent progenitor cells of the embryo,
and secondly restrict Oct-4 expression to the germline lin-
eage.

With respect to their function during development we are
interested in whether Oct factors are involved in the deter-
mination of specific cell lineages. The assumption that the
POU family member Unc-86 represents an important com-
ponent of a mechanism linking cell identity to cell lineage
suggests that other POU factors may also be involved in
lineage specificity. We want to investigate whether such a
linkage can be shown for Oct-4. A key role for Oct-4 in
very early embryonic stages has been demonstrated by
experiments aimed at depleting the supply of Oct-4 pro-
tein in preimplantation embryos. Microinjection of antisense
Oct-4 oligonucleotides into fertilized oocytes resulted in a
loss of Oct-4 mRNA. As a consequence, DNA synthesis
was inhibited and the embryo was arrested at the one-cell
stage (Rosner et al., 1991). One conclusion from the paper
is that Oct-4 may regulate DNA replication at the one-cell
stage.

The role of the Oct-4 gene in embryonic stem
cells and in the preimplantation embryo

level is similar to that in growing oocytes, indicating that
zygotic Oct-4 gene expression is activated between the
four- and eight-cell stage. Between the 16-cell and the
expanding blastocyst stage, the embryos contain abundant
Oct-4 mRNA which is evenly distributed throughout the
embryo. In hatched blastocysts this mRNA is predominantly
located in the inner cell mass. After implantation of the
embryo, Oct-4 mRNA is confined to the embryonic ectoderm
and later to neuroectoderm. After 8.5 days post coitum
(p.c.), expression cannot be detected in somatic cells but
is restricted to primordial germ cells.

Schematic presentation of relative Oct-4 expression in the early
murine embryo. The circled numbers represent the two-, four- and
six- to eight-cell stage of the embryo, respectively.
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Is Oct-4 required for the continued proliferation of
embryonic stem cells?·
Is Oct-4 required for pluripotency of embryonic
stem cells?
Is Oct-4 required for the identity and maintenance
of the germline lineage?

(3) To determine target genes for Oct-4 in embryonic stem
cells and preimplantation embryos.

Publications during the year
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Chromatin structure and transcriptional regulation

Group leader: F. Stewart*

Fellows: R.E. Herrera*, C. Logie*

Assistant: H. Thomas*

Transcription is controlled by trans-acting factors binding
to DNA elements. To date, the understanding of transcrip-
tio.nal control has ignored the fact that eukaryotic DNA is
packaged into nucleosomes and higher order structures
to form chromatin. Potentially, the presence of chromatin
contributes to mechanisms of transcriptional control by
(1) rendering target binding sites accessible or inacces-
sible to trans-acting factors and by (2) organising a re-
gion of DNA into a structure that is required for appro-
priate regulation. The objective of our research is to test
these propositions. To this end we are currently examin-
ing three model cases as well as developing trans-acting
factors with which to assess functionally chromatin sta-
tus.

Reversible nucleosome disruption mediated
by the glucocorticoid receptor

A glucocorticoid-dependent enhancer lies 2.5 kb upstream
of the tyrosine aminotransferase gene promoter. Before ac-
tivation of the glucocorticoid receptor (GR) by hormone, the
enhancer is wrapped on nucleosomes. Within 30 minutes
of hormone administration, GR disrupts these nucleosomes
and recruits other transcription factors to form an active
enhancer. Within 30 minutes of withdrawal of hormone,
the enhancer complex dissociates and the region is again
nucleosomal. The rapidity of this chromatin structural switch
excludes an essential role for DNA replication and implicates
GR as a transcription factor that can directly remodel chro-
matin. Current work with this model is concentrating upon
the possibility that the composition of chromatin over the
enhancer can be altered so that it loses the ability to respond
to GR. If this turns out to be the case, the dynamic poten-
tial for chromatin to determine responsiveness of a target
site will be documented. The primary observation we are
pursuing is that pre-treatment of cells with sodium butyrate
inhibits the chromatin structural response to glucocorticoids
and induces some local changes of chromatin structure as
assessed by nuclease cleavage patterns. Further experi-
ments are required to ascertain whether butyrate is inducing
a change in chromatin to a GR-resistant composition or
whether it is affecting the competence of the trans-acting
factors involved.
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Structure of the c-fos promoter

In collaboration with Alfred Nordheim (Medizinische
Hochschule Hannover) we are extending our previous work
on the structure of the c-fos promoter. This work involves
genomic footprinting and nuclease analysis which, together
with transfection data, defines two regions where trans-
acting factors bind. That is, a proximal region which includes
the TATA box, CRE at -60 and direct repeats at -90 and a
distal region which includes a multiprotein complex centered
over the SRE at -300. Our nuclease analysis indicates
that the interval between these regions is wrapped on a
nucleosome and current efforts are based on the hypothesis
that this nuclesome positions the distal region next to the
proximal. Support for the rol,e of this chromatin structure
in the function of the promoter can be inferred from in vitro
transcription studies made in the Nordheim laboratory which
show that the SRE functions when placed next to the TATA
box but not from its native position.

Colinearity and control of hox gene clusters

Analyses of homeobox gene clusters in flies and mammals
have revealed a remarkable correlation - the disposition
of these genes along the chromosome is a representation
of their respective expression domains along developmen-
tal axes in the embryo. This correlation has been termed
colinearity and, for mammals, has been extended to corre-
late order along the chromosome with the temporal onset of
expression. Several explanations, which relate colinearity to
mechanisms of transcriptional control, have been forwarded:
(1) A sequential opening of chromatin domains along the
clusters which modulates the onset of hox gene transcrip-
tion. (2) A linear propagation of a heterochromatin-like struc-
ture which partitions the cluster into inactive and active
regions. This may serve as a chromosomal imprint which
is inherited by daughter lineages. (3) Sharing of regulatory
elements between neighbouring hox genes. We have com-
menced work on mapping the chromatin structure of the
mouse HOX-4 complex in teratocarcinoma cells as a first
step in determining whether colinearity is a manifestation of
a specialized form of transcriptional control which relies on
a linearly propagated chromatin mechanism.



Controlling trans-genes and probing
chromatin with trans-acting factors

To perform interactive experiments on the functional rele-
vance of chromatin structure, we are developing and testing
two approaches for remodelling chromatin at specific·sites
in intact cells. Both approaches may als.o have applications
as means to control the activity of trans-genes.

(1) The predominant steroid hormone receptor in flies is
the ecdysone receptor. We have tested this receptor in
mammalian cells and constructed fusion proteins with
the DNA binding and dimerization domains of the yeast
GAL 4 protein. The objective is to obtain a transcription
factor that is (a) controllable by a ligand that does not
invoke endogenous responses, (b) does not participate
in endogenous regulatory circuits and (c) binds to a
DNA element that is not recognized by endogenous
trans-acting factors. With such a trans-acting factor we
wish to assess its ability to bind its target site in different
chromatin surroundings.

(2) It has been shown by others that the FLP recombinase
of the yeast 2 J1 circle can work on its target sites
integrated into mammalian chromatin to both excise
and insert DNA sequences. We are currently testing
this system to ascertain the feasibility of introducing or
deleting enhancers so that we can relate changes in
chromatin structure at one integration site to changes
in cis-acting elements.

Publications during the year
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Physical Instrumentation Programme

Introduction

The light microscopy group concentrated its efforts on three-
dimensional light microscopy and on video microscopy.
Three-dimensional light microscopy is based on confocal
fluorescence microscopy. The group builds the instruments
and supports their usage by scientists from the EMBL and
from other institutions. The video microscope is basically
a conventional microscope that uses cameras to record
the movement of cells, organelles or reconstituted systems
and image processors and video recorders to document
time-dependent changes in morphology.

In collaboration with Jan De Mey (Cell Biology Programme)
Ernst Stelzer organized an EMBO course on "Digital Light
Microscopy". Leading international experts instructed stu-
dents from ten European states. The course was very well
received. The students and the instructors stressed the
importance of advanced training in light microscopy. The
field is emerging rapidly although the number of European
experts is still very small and the opportunity to receive
excellent training limited.

The microcomputing and data acquisition group has in-
vested a large part of its efforts both in hardware and
software for projects in scanning transmission electron mi-
croscopy. These activities mainly concerned (a) the new
silicon quadrant detector and its associated data acquisition
electronics and (b) user-friendly software to operate the
CryoSTEM.

Preliminary work on future x-ray data acquisition systems
has been carried out as a consequence of the laboratory's
decision to put resources on x-ray detection systems for the
future use in biology at the European Synchrotron Radiation
Facility (ESRF). A common effort associating the groups in
the two Outstations in Grenoble and Hamburg has been
agreed and will hopefully be fully operational by the begin-
ning of next year.

Our image processing project, started last year to provide
a user-friendly working environment for the biologists, has
progressed quite satisfactorily. Several collaborations both
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internal and external have been started.

Work with digital signal processors has been carried out
in the context of one study of computing with parallel and
pipelined architectures for algorithms requiring an enormous
amount of floating-point calculations.

One of the changes within the Physical Instrumentation
Programme was the departure of Arthur Jones in June.
His projects and his two assistants were transferred to
Max Haider's group. Beside his main project, the upgrade
of the HB5-STEM, he also had the responsibility for the
maintenance of the two STEMs.

During the last year, the efforts regarding the application of
the STEM were increased to evaluate further the unique fea-
tures of this instrument (especially those of the CryoSTEM).
Together with groups from the Biological Structures, the
Cell Biology and the Gene Expression Programmes, several
quite challenging projects have been defined for which the
STEM seems to be the most suitable microscope, and we
will concentrate on two or three of them in 1992.

The first stage of the low voltage SEM development was
completed and the performance expected of this new mi-
croscope could be confirmed. The resolving power agrees
with the calculated one and uncvated biological specimens
can be visualized. Full completion of the microscope was
postponed to investigate the biological applicability and to
reveal problems when working with biological samples. The
cold-stage and other biologically relevant components ap-
pear to work as expected and no modifications are needed.

An additional very important development was started dur-
ing 1991. High resolution structure research of periodic
objects has approached the limits set by the electron mi-
croscope. To overcome this limitation, the development of
a spherically corrected TEM has been initiated, and this
should finally have a resolving power below 1A. We were
able to acquire substantial financial support for this project
from the Volkswagen Stiftung.



Electron microscope development and STEM application

Group leader: M. Haider

Scientists: W. Tichelaar, J. Zach

Visitors: M. Akke*, T. Arad*, B. Bohrmann*, P. Koeck*, J. M. Reymann*, H. Rose*, S. Trachtenberg*, R. Wepf*

Assistants: F. d'Annunzio, J. Khazaie, D. Mills*, R. Morrison, G. Schafer

Low voltage scanning electron microscope (LVSEM)

We assembled the LVSEM column including the cold-stage
as described in the previous research report. The corrector
for spherical and chromatic correction has not been incor-
porated yet in order to have the opportunity to investigate
the applicability of this microscope to biological samples.
With the present instrument, we can obtain a resolving
power of 5-6 nm at an electron energy of 1 keV (Plate 50).
This value agrees with the calcUlated resolution limit due
to the spherical and chromatic aberrations of the objective
lens. Therefore, we expect a significant improvement of
the resolving power when the corrector, needed for the
compensation of these aberrations, is incorporated in the
microscope in 1992.

PLATE 50

Photograph of 4 nm gold labels distributed on a carbon support
film. The primary energy of the electrons was 1 keV and the small
gold labels could still easily be observed. The measured diameter
(FWHM) of the 4 nm gold label is 6 nm, indicating a resolving power
of the instrument of approximately 5 n.m at 1 keV.

PLATE 51

Freeze fractured yeast cell without any metal coating imaged with
the LVSEM at 1 keV.

In collaboration with different groups at EMBL, we inves-
tigated the usefulness of the present set-up for imaging
biological specimens. We were able to image uncoated
frozen-hydrated or freeze-dried samples, such as:

freeze-fractured yeast cells (in collaboration with Ed
Hurt) (Plate 51);
vaccinia viruses (in collaboration with Gareth Griffith &
Heinz Horstmann);
muscle sections (in collaboration with Kevin Leonard &
Charles Ferguson) (Plate 52);
microtubuli (in collaboration with Denis Chretien &
Stephen Fuller).

The first results encourage us to continue with the biological
applications and to improve the preparation techniques to
make the high resolution LVSEM a new important tool in
our laboratory.
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PLATE 52

Photograph of a cryo sectioned insect flight muscle filament.

Scanning transmission electron microscope (STEM)

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

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

jects;
3. high resolution labelling using small heavy atom clus-

ters;
4. development and application of novel imaging modes;
5. elemental mapping.

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

STEM development

Multichannel phase-contrast detector

The electronic hardware for the new multichannel detector
has been completed and the performance of the detector
has been investigated. For these performance tests, the
existing data acquisition system could be used. However,
this data acquisition system limits the routine application of
the multichannel detector owing to badly adapted interfaces,
which were designed for the old analog photomultiplier
detector system. Nevertheless, a high number of images
could be acquired and it turns out that the performance of
the quadrant detector is as good as we had expected and
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as soon as the new data acquisition system is available this
multichannel detector will become the most frequently used
detection system.

Data acquisition system for the CryoSTEM
(in collaboration with C. Boulin's group)

To have a data acquisition system that is well adapted
not only to the new quadrant detector, but also to the
whole configuration of detectors, a new acquisition system,
based on a SUN Spare station 2, has been developed
in collaboration with Thomas Bastian (Christian Boulin's
group). For this system, all the drivers and interfaces have
also been adapted, to be able to select the required detector
system by software and to have just one common standard
interface. At the same time, this new acquisition system
has the required capability to handle all the images we can
acquire simultaneously and to carry out the rescaling of the
images, needed for display, on-line.

HB5 upgrade and STEM maintenance

During the last year STEM maintenance was given higher
priority than the upgrade of the HB5 STEM, to keep the over-
all performance of the two STEMs at the highest possible
level. Nevertheless, the upgrade of the HB5 was continued
with the development of a new water-cooled power supply
rack, a new housing for the EHT-tank and with the comple-
tion of the other components (except the scan-generator)
necessary for the control of the microscope. All of the units
should be finished in 1992 and can be installed when the
HB5 is available for 2-3 weeks.

STEM application

Mass measurement

As in the preceding years, mass measurement has been
offered as a facility on the HB5 STEM. The determinations
are carried out using TMV as an internal standard. A listing
of the measurements performed in 1991 is given in Table 2.

Mass mapping

In collaboration with K.R. Leonard and S. Trachtenberg
(Jerusalem), we are determining radial density profiles of
vitrified helical particles. Radial cansity profiles specify the
boundary chosen for a structure in a helical reconstruc-
tion. Whereas they are difficult to determine in the case
of bright-field electron microscopy, they can be directly
derived from STEM dark-field images. We obtained radial
density profiles for vitrified TMV and RNA-free helical poly-
mer of TMV coat protein that show a maximum differ-
ence at a radius of about 40 A, which can be attributed
to the RNA packaged in TMV. This result is in agreement
with results obtained by others with hydrated sols in x-ray
diffraction and with freeze-dried specimens in STEM dark-
field. The resemblance between the overall shapes of the
profiles in STEM and those observed with hydrated sols
in x-ray analysis is greater in the case of vitrified speci-
mens.



Table 2

Object In collaboration with Result and conclusion

Bacillus subtilis phage SPP1 P. Dube, R. Lurz, F. Zemlin Mr=747±69 kDa, confirming results
portal protein, expressed in E. coli M. van Heel (all Berlin) & from single particle image analysis,

P. Tavares (Oeiras) which indicate a 13-mer (of 57 kDa)

Aeromonas hydrophyla aerolysin H.U. Wilmsen, F. Pattus Mr=370±60 kDa, indicating a heptamer
T. Buckley & K.R. Leonard (of 50 kDa), in agreement with results from

SDS-PAGE of boiled - not of unboiled -
sample, and with results from image
analysis of two-dimensional crystals

Bovine filensin filament A. Merdes & Mass/length=2.9±0.6 kDa/ A
S.D. Georgatos (Classification of filensin filament as

an intermediate filament requires further
information about an axial repeat)

Complex of microtubule with micro- D. Chretien, E. Karsenti In progress
tubule associated proteins (MAPs) & S.D. Fuller. (Goal: determination of MAP binding)

PLATE 53

Photograph showing the discrimination of equally sized metal la-
bels when imaged with two different imaging modes of the new
multichannel detector. With the OF-imaging mode (a) the two labels
cannot be discriminated, however, with the differential OF-image (b)

the contrast of the two labels is differently modified. The contrast
of the silver is reduced (dark spots), whereas the contrast of the
gold label is enhanced (bright spots, marked with arrows). The bar
presents a distance of 200 nm.
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Together with the group of Werner KOhlbrandt, we are
investigating whether a high resolution map can be obtained
with the two-dimensional crystals of the light-harvesting
chlorophyll alb protein complex, that allows localization of
the phospholipids.

Double labelling of muscle filaments
(in collaboration with K. Leonard)

The ongoing work on the accessary proteins of the myofibril
has produced a number of interesting molecules which
are now being localized by conventional techniques. The
CryoSTEM allows this localization to be performed with
higher precision. We carried out a preliminary experiment
to demonstrate that it is possible to discriminate between
labels ·of equal size consisting of different metals (e.g.
gold and silver). Plate 53a shows the OF-image of the
two different labels (bright spots). These labels can be
discriminated due to their scattering properties when using
the new multichannel quadrant detector. The two labels
appear with a different contrast (Plate 53b), when com-
bining the various rings of the multichannel detector in
such a way that the signal, generated by the scattered
electrons of gold, is increased and that of silver is de-
creased.

Transmission electron microscope (TEM)

Development of a corrected high resolution
transmission electron microscope

During the past years, several methods have been devel-
oped in electron microscopy that allowed the structures of
proteins to be resolved at the angstrom level. However, the
visualization of smaller details such as water molecules is
limited by the microscope. The limitation of today's electron
microscopes is determined by the axial aberrations of the
objective lens: the spherical and the chromatic aberration.
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The only way to overcome this limitation is to compensate
the aberration introduced within the objective lens by an
additional lens with a negative value for this particular aber-
ration. The chromatic aberration alone allows a point to point
resolution of d=0.8A if the accelerating voltage is 200 kV
and the energy spread of the electron gun is kept at a very
low level (:::;0.6 eV). These two requirements can be fulfilled
by a 200 kV Philips CM 20 electron microscope equipped
with a field emission gun. Accepting a limit for the resolving
power of d=0.8 A, only the spherical aberration has to be
corrected. A corrector system for this purpose has been
proposed by H. Rose and we will follow this approach. The
corrector consists of two transfer dubletts and two hexapole-
elements, whereby the most crucial point will be the exact
symmetry of the multipole-fields we have to generate with
these elements. In collaboration with the groups of Prof. H.
Rose (Darmstadt) and Prof. K. Urban (JOlich) a project has
been started to develop such a corrected high resolution
TEM. The first step of this project is to study the feasibility of
the correction of the spherical aberration within the coming
two years.

The possibility of correcting the spherical aberration was
already mentioned by Scherzer 50 years ago. However, all
the attempts to develop such a corrected TEM during the
past years failed. We think that we will be able to finish
this project successfully. The Volkswagen Stiftung is also
convinced that it is worthwhile to finance this project for
the coming two years. The final goal is to achieve a point
resolution of 0.8 A, which would be an improvement by a
factor of 3, compared with the best commercially available
microscopes.

References

Henderson, R., Baldwin, J.M., Ceska, T.A., Zemlin, F.,
Beckmann, E. & Downing, K.H. (1990). J. Mol. BioI., 213,
899-929

Rose, H. (1990). Optik, 85, 19-24



Microcomputing and data acquisition

Group leader: e. Boulin

Scientists: T. Bastian, A. Epstein, J.e. Olivo

Visitors: O. Litzler*, P. Plas*

Most of the work of the group has gone into improve-
ment or continuation of previously started projects. This
has concerned both hardware and software aspects of the
designs. Such steps in the development of equipment are
not necessarily exciting for the designers but have to be
considered as an impol1ant part of the work. The outcome
of such a procedure is usually positive because the resulting
product becomes more reliable and more user-friendly if
the preliminary experience of the users has been carefully
exploited.

This year has also seen an important decision for the future
in the field of x-ray detection systems for synchrotron radi-
ation. In collaboration with the concerned groups in the two
Outstations we will try to improve the overall performance
of the multi-wire based gas detector systems. This work
is clearly needed to cope with the requirements imposed
by the future use of the new synchrotron radiation source
in Grenoble specially for time-resolved measurernents on
biological samples.

Another exciting domain of activity has been a very exten-
sive study of parallel and pipelined multiprocessor architec-
tures based on Digital signal processor (DSP) chips. The bi-
ological applications behind this project are clearly identified:
a) sensitive search of protein sequence homologies against
a complete database and b) elemental mapping using high
resolution spectroscopy with the Cryo-STEM.

Software support activities

UNIX file server

Early in 1991, we adapted the public domain Columbia Ap-
pletalk Package (CAP) to one of our UNIX computers. After
a short test time, this software enabled us to provide (for the
first time at EMBL) UNIX file server services (comparable to
the well known EMBL server) to the MAC world. For instance
the server can be used to transfer files between Mac and
UNIX and/or to serve as a home/backup disk for the Mac.
From the UNIX side it is also possible to print on any

Laserwriter. The UNIX file server has rapidly become very
popular among electron microscopists because they are
able to access images recorded on the HB5 or Cryo-STEM
UNIX disks from their Mac (using software like IMAGE to
display and/or carry out basic image analysis).

Slidewriter queue

In 1990, there was a requirement for an automated way
of making slides from collections of STEM images using
the EMBL slidewriter facility. A first version of the software,
using the slidewriter disk on the VAX cluster to send files
to the Photolab, failed due to the lack of disk space. With
the installation of CAP on UNIX and System 7 on the
Macintoshes we developed a completely new idea. In collab-
oration with the Photolab we configured their Mac as a file
server using their 180 Mb local disk. On the UNIX side we
set up a networked queue for slidewriter requests. A set of
three simple commands was also written both on the UNIX
cluster and the VAX cluster to handle this queue. Users
can now request that slides be made from STEM or TIFF
images. Queue access rights are based on a user name and
password scheme. Detailed status about submitted jobs is
also available.

STEM printing device

In 1990, the HB5's photographic unit was replaced by a
system based on an enhanced resolution laser printer (HP
LaserJet II) driven by a networked low cost PC compatible
microcomputer. At this time, software was developed to do
on-line printing of STEM recorded images from either the
HB5-STEM or the Cryo-STEM, thus providing the semantics
of the old photographic unit. Early in 1991, as the system
became more popular, we extended it to print TIFF images
as well. Further work was also done to integrate this net-
worked printer into the VMS environment. As a result, the
printer is now completely networked, as it is accessible from
the whole UNIX world as well as from the VMS cluster with
the same set of commands.
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PLATE 54

Functional diagram of the new Cryo-STEM computing environment.
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New Cryo-STEM computing environment Detectors and data acquisition for the Cryo-STEM

Since the middle of the year, we have been working on
the new Cryo-STEM acquisition system. The new system
will include a powerful workstation (SUN Sparc II) driving a
VME-bus bridge to provide access to the VME crate hosting
all the necessary data acquisition modules and array pro-
cessor card (see Plate 54). The data collecting interface and
the microscope detector interfaces needed·major hardware
changes. The acquisition software has been rewritten and
has now a graphical interface for all detectors. The new
hardware and software should allow easier integration of
future detectors. A test installation will be done during the
first quarter of 1992 and a stable configuration is expected
by the middle of the year.

Evaluation of a camera interface

A high sensitivity camera from Photometrics was bought
in Ansorge's group for fluorescence microscopy work. The
vendor proposed two ways of interfacing the device to a
workstation: a) the ISA board on a HP 700 series worksta-
tion and b) the VMEbus interface on a SUN Sparc station
using an S-Bus to VME link. We carried out extensive tests
on both types of workstations and interfaces. The results
demonstrated a clear advantage to go for a Sparc/VME-
bus-based solution. The supplied camera control software
will now be integrated in a powerful public domain image
processing package (Khoros) and further work will be done
to convert the vendor's software to the X Window stan-
dard.

Quadrant detector system

In the line of the upgrade of the Cryo-STEM data acquisition
system two new interfaces were designed for the quadrant
detector system:

1. an interface that sends multiplexed images to the VME-
bus-based acquisition system

2. an interface transferring single images in real time
mode to the microscope's frame buffers

The main objectives of these modifications are to make
the complete system more and to allow easier
future implementation of new detector systems. The first
interface is needed to be compatible with the new interfacing
scheme to be used on the VM::: system. The design and
construction of this interface has been completed and tests
will be carried out as soon as the workstation and the
associated VME crate are installed. The second module will
allow the user to select an image, scale it and add a fixed
offset to the scaled image. All the selections will be done in
real time without the intervention of the on-line computer.

Linear microstrip detector system

The project to replace the charge coupled device (CCO)
detection system attached to the Cryo-STEM spectrometer
by a more powerful linear micro-strip silicon detector for
electron energy loss spectroscopy is in progress.
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Analog to digital front-end

For several reasons (density, low-noise requirements,
speed) the most critical part of this future detection system
is the front-end. The number of channels (512) clearly
indicates that it definitively makes sense to try to use
highly integrated front-end electronics. We tested an octal
preamplifier and discriminator (from Smart Silicon Systems,
Lausanne). However the available version had only the
analog preamplifier output available on the pins. The first
results are quite promising as far as noise, amplification
and speed of performance are concerned but we did not
succeed in combining it with a fast external discriminator
due to feedback problems. The problems were discussed
with the manufacturer and we will get a full version of the
chip with 'an improved layout. Tests will be carried out early
next year so that mechanical design of the overall detector
assembly can be started.

Processing unit

Considering the high amount of data produced for each
pixel we considered the preprocessing requirements. A
preliminary design of a new integer processing unit (I PU)
forming the basis of a parallel-pipelined system w·as made.
It uses some of the principles implemented by the previously
designed IPU system associated with the quadrant detector
but also provides a sophisticated control unit which extends
the possibilities of the old IPUs (control instructions like
conditional branches and do loops). Other considerations
of the project such as the response correction of individual
channels have led to the decision that it might be wiser to
build initially a simpler acquisition system restricted to the
transfer of all the collected data to the host computer. Such
a system will be slower than a preprocessing system but
will allow us to test off-line several algorithms for elemental
mapping. Such a solution will ease the final choice of the
preprocessing system that will probably be implemented
using some kind of network built around DSPs. This possible
alternative to the IPUs should be much more flexible (some
software tools exist) and will have the built-in ability to carry
out floating-point calculations that may be required.

Image processing

During the last two years, image processing software for
microscopic image analysis has been developed. The aim
of this project was first of all to provide the biologist with an
integrated framework allowing the management of all image
data manipulation, ranging from "low-level" image process-
ing to "high-level" image interpretation. The development
of this dedicated software also corresponds to the need of
providing the biologists at the EMBL with original programs
or methodologies tuned to answer specific problems arising
from their research. Unlike most commercially available
or distributed image processing packages, it is possible
in our software to modify or adapt an existing program
or one under development specifically to answer the true
need of the new biological problem. This is a dominant
factor in all the collaborations in which we are engaged at
present.

During the year, the general capabilities of the software have
been drastically improved and augmented. Several routines
are now available for image restoration and enhancement,
image segmentation and interpretation. Image storage is
now done in TlFF format to provide the user with an easy ac-
cess to the networked output devices. Beside these general
purpose routines, more specific work has been achieved.
In collaboration with John Kenney (Stephen Fuller's group)
and Kevin Leonard, an automatic gold particle recognition
program has been developed. This program allows the
automatic selection and the detection of gold particles in
electron microscope images. The extraction of gold particles
is based on a local analysis of image features. This program
allows the processing of either 512 x 512 or 1024x 1024
images. In collaboration with Max Haider, a multi-resolution
analysis is under development to characterize undecagold
clusters in STEM images.

A registration program has been developed to facilitate the
acquisition of serial-cross section images of the same area
of microscopic images. The procedure consists of two steps:
on line, it displays the pseudo-colour superimposition of
a fixed image and of the direct image from the camera.
By these means, a global match can be easily obtained
between two sections. If necessary, an off-line procedure
allows for a fine registration and matching step: on the
basis of manually selected reference points, polynomials are
applied to the unmatched image to obtain a fitted view. This
program has been used in collaboration with Domenico Laz-
zaro (Riccardo Cortese's group) and Melanie Price (Roberto
Di Lauro's group) for correlating autoradiography images of
embryonic mouse brain images. We also use it in collabora-
tion with Denis Duboule for registering serial cross-sections
of complete organs to achieve their three-dimensional re-
construction and visualize gene expression patterns. A copy
of this program was provided for P. Chambon's laboratory
in Strasbourg where it is used for autoradiographic image
processing.

Architecture of parallel and pipelined
multiprocessor systems

Our interest in providing a very fast solution to the com-
putation problems involved in the sensitive method for pro-
tein sequence comparison developed by Pat Argos (1987)
has triggered an in depth analysis of the problem. We
have carefully evaluated the possibilities of parallelizing
and pipelining the various tasks. We also looked at the
possibilities of implementing in hardware some of the rather
tedious addressing algorithms and look-up table operations
to generate the different correlation matrices involved in the
computation.

After critical evaluation of several commercially available
DSP chips with special reference to their input/output archi-
tecture and instruction speed, the Motorola 96002 has been
chosen mainly because of its dual I/O bus architecture.

We have bought an IBM-PC based development system for
the Motorola 96002 to enable easy hardware and software
development tailored to the future applications.
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Multi purpose DSP mother board

The design of a DSP board that can be used as the
basic building bloc for a system dedicated to sequence
comparisons was started.

After some reflections concerning the·various architectural
possibilities, and keeping in mind the spectrometer silicon
multistrip detector project requirements, a multi-purpose
dual-ported DSP board was conceived. It will enable easy
construction of fast parallel/pipelined machines. The board
has provision for pipelined plug-in modules on both ports
which enable customization of the board to various appli-
cations. The design and tests of the associated VMEbus
interface required for inter-processor communications has
been completed. The next step will be to realize a layout
for the mother board and test the communications between
several DSP boards.

As mentioned above we also designed and built an address
generator, using one logic cell array (high density pro-
grammable chip) and a few PALs. This address generator is
the front-end module of the system. It scans automatically
through the two sequences and controls the look-up table
reading for the Dayhoff values and the physical character-
istic values required to compute the correlation coefficients.
The prototype module has been tested and performs ac-
cording to the specifications.
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Three-dimensional light microscopy

Group leader: E.H.K. Stelzer

Scientists: S. Hell, C. Storz

Visitors: V. Arce*, G. 8Iume*, M. 8omsel*, T. Cremer*, T. Kam*, A. Kuusisto*, E. Lehtonen*, G. Paatz*, J. Paranko*, G. Reiner*, S. Siebel*,
8. Storrie*, M. Thonfeld*, S. Zellmer*

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

The light microscopy group has four major tasks: (1) building
new instrumentation, (2) applying their instruments in biolog-
ical research, (3) supporting three-dimensional image pro-
cessing and visualization and (4) investigating new methods
in light microscopy. The group therefore designs, builds and
maintains confocal fluorescence and reflection microscopes
for biological research, collaborates with scientists using
three-dimensional and video microscopy, supports the pro-
cessing of the acquired data sets and actively investigates
three-dimensional imaging in optical systems with a high
numerical aperture.

Modular confocal microscope

The modular confocal microscope (MCM) was first used in
1989 and completed early in 1990. The MCM is the third
confocal microscope built at the EMBL. As described in
previous reports the major design goals were achieved. The
MCM is maintained by the group and until the summer of
1991 was used in collaboration with scientists interested in
biological research. The instrument has now been replaced
by a more compact instrument. The MCM will be remodelled
during 1992 to make better use of the transputer network
that is currently used to record and process the images.

Compact confocal microscope

Based on the MCM a new generation of compact confocal
microscopes (CCM) was designed and built. The major
performance characteristics are equivalent to those of the
MCM. However, the CCMs are more stable (fewer mov-
able parts), more versatile (two laser inputs, five detectors,
eight filters per channel, six channels) and use partially
redesigned electronic equipment (see Plate 55). Three in-
struments of this type were completed during 1991. One
instrument was shipped to the University of Turku in Finland,
one was shipped to the Weizmann Institute in Rehovot
and the third instrument is now the standard confocal flu-
orescence microscope at the EMBL and owned by its Cell
Biology Programme. The instruments will be upgraded to

use an additional four Helium-Neon lasers on its second
input so that the excitation range from 476 nm to 633 nm is
reasonably covered.

Biological research

The MCM and the CCM were the main basis of collabora-
tions with the Cell Biology Programme: Cecilia Bucci, Maria
Carmo-Fonseca, Philippe Chavrier, Jan De Mey, Hans-
Hermann Gerdes, Daniela Lombardi, Daniele Masson, An-
dreas Merdes, Irene Wacker-Schroder &Marino Zerial used
the instrument for work described elsewhere in this report.
In general the main interest was confocal fluorescence
microscopy, localizing the three-dimensional distribution of
proteins or colocalizing two different protein distributions in a
double fluorescence experiment. As in previous years, a big
problem is to maintain the three-dimensional structure of a
cell during the different preparative stages. A big relief is the
new mode of the CCM which performs double fluorescence
experiments using two different laser lines (e.g. 476 nm to
observe FITC and 529 nm to observe rhodamine B or Texas
red) which is practically cross-talk free.

G. Paatz & T. Cremer (Univ. Heidelberg) investigated arti-
facts during the preparation of amniotic fluid cells for three-
dimensional microscopy. An image was recorded of cells
while they were still alive and again of the same cell after
it was prepared. The analysis of preliminary data indicates
that preparation techniques are available that have hardly
any negative effect on the three-dimensional structure. S.
Zellmer & G. Cevc (Techn. Univ. Munich) investigated
the penetration of Iiposomes of different lipid composition
through the epidermis of onions. The analysis of the data
has not been finished yet. G. Blume, S. Siebel &G. Cevc
(Techn. Univ. Munich) performed a similar investigation with
the skin of mice. XZ-images and series of xy-images were
recorded to see where the liposomes went and to quantitate
the amounts as a function of the penetration depth. M.
Thonfeld & T. Cremer (Univ. Heidelberg) used the MCM
to perform some preliminary studies on in situ hybridization
experiments.
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PLATE 55

The arrangement of the compact confocal microscope is outlined
in this Plate. The light enters the microscope from the right hand
side, is expanded, passes a number of optical parts and is deflected
towards two scan mirrors and enters the microscope. The confocal
part is therefore out of the way behind the microscope. The fluores-

cence emission is "descanned" by the same two mirrors, passes the
dichroic mirror and enters the detection unit on the upper left hand
side. Any two of the available detection channels (4 x fluorescence,
1x reflection, 1x transmission) can be recorded in parallel per 0.6
seconds.

PLATE 56

A stereo pair of the chromosomes (labelled with propidium iodide)
in a prometaphase PtK2 cell. The surface rendered image was
visualized with the AVS geometry viewer. The diameter of the

nucleus is about 10 JLm. The depth of the nucleus is about 4 JLm.
The data set was recorded by Andreas Merdes on the MCM.
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A confocal 41t microscope (S. Hell)

A novel optical set-up offers the potential to increase the
resolution of a confocal microscope by a factor of 3. Two
microscope objectives of high numerical aperture are used.
The semi-transparent specimen lies in the common focal
plane. Illumination and detection take place through both
microscope objectives. In the case of illuminating light inter-
fering constructively in the focal region, the focal spot vol-
ume is reduced. The same applies when the light originating
from the specimen interferes in front of the detector. The
axial resolution enhancement does not decrease the lateral
resolution. An improved axial resolution leads to a better
imaging of lateral changes within the specimen. We called
this set-up a 41r-confocal microscope. The contrast forma-
tion and the resolution of a 41r-confocal microscope are dis-
cussed. Experimental results compare well with theoretical
predictions. The signal-to-noise ratio is at least 41 % better
than in a state-of-the-art confocal fluorescence microscope.
Especially for fluorescence the increased resolution and
signal-to-noise ratio open the prospect for a new powerful
imaging technique.

Specimen induced imaging problems
(G. Reiner & S. Hell)

When thick specimens are observed in a confocal fluores-
cence microscope the images of .Iayers which are inside the
object are influenced by the optical properties of the material
above the layer of interest. Wave optical calculations that
take the Fresnel equations explicitly into account predict two
effects due to the change of the point-spread-function:

a decrease of the z-discrimination
the shrinkage of the scale along the optical axis.

Assuming an edge along the optical axis is observed, our
theoretical results indicate an increase of the full width
half maximum of the z-response of about 0.023 11m per
micron dielectric layer. These numbers are compared with
experiments using objects of varying thickness.

Non-linear real-time voxel value prediction
(P. Hanninen)

In low-level light microscopy an acceptable image quality
can be achieved in several ways. In any case, the ac-
quisition method is a compromise between sample photo-
bleaching, recording speed and image quality. We present a
linear median filtering method for fast recording in confocal
fluorescence microscopy. The method utilizes the spatial
domain and a time-domain neighbourhood of the recorded
voxel while predicting the most probable value. The method
is designed to preserve the resolution of the image. It is com-
pared with standard recording methods both numerically
and visually using a test data set and a data set recorded
with a confocal fluorescence microscope. A real-time ver-
sion of the algorithm has been implemented with a high
speed TMS320C30 based signal processing card and is
now in standard use in the compact confocal microscope

at the EMBL. With typical photon count rates of 10-30
counts per recorded voxel improvement of image quality or
speed-ups up to a factor of four are achieved.

Three-dimensional image processing
(P. Hanninen)

The visualisation of three-dimensional data sets plays an
important role in confocal fluorescence microscopy. Calcu-
lating stereo pairs and shift series have always been fea-
tures of the EMBL microscopes and are sufficient to confirm
the quality of the recording. More sophisticated calculations
are performed with the program AVS on DECstations and
on the Stardent GS2000. Simple image processing can
also be performed with Khoros on any workstation run-
ning X-Windows. NIH-Image and Adobe Photoshop are the
programs of choice on the Macintosh. The group provides
the interfaces to these computers and programs and offers
advice on their usage. We have refrained from writing any
three-dimensional image processing packages ourselves
but offer some necessary modules for AVS. AVS networks
are available that allow non-specialists to manipulate three-
dimensional data sets and to record full colour animations
on the video disk and hence to produce high quality videos
for seminars.

Video microscope (E. Stelzer)

A completely new instrument was set up for conventional
video microscopy. It has been used for observation in flu-
orescence, Nomarski-DIC and phase contrast. The instru-
ment consists of an inverted microscope, shutters in front
of the lamps, two cameras, an image processor, a video
disk recorder, a tape recorder, a black and white printer,
a colour printer and a computer that organizes the whole
set-up. The instrument is designed to perform time lapse
studies with minimal impact on the object. It has been used
by a number of groups in the Cell Biology Programme:
Vilma Arce, Jan De Mey, Carlos Dotti, Fatima Gyoela,
Eric Karsenti, Robert Parton, Kai Simons & Fulvia Verde.
The instrument will be upgraded during 1992. An important
part of the video microscope is a Macintosh Ilci which has
been equipped ·to perform some simple image processing
tasks such as enhancing images, measuring features or
arranging slides. It is equipped with a number of image
processing packages, a frame grabber, a high resolution
display card, an Ethernet interface, a magneto-optical disk
for backups and is connected to a video disk player and a
VHS PAL/NTSC/SECAM player/recorder. Image processing
can be performed off-line and images can be used from
practically any source. This computer can also be used with
images recorded with the CCM or the MCM.
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Biochemical Instrumentation Programme

Introduction

The groups in the Programme work 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. In addition to the
technology research, service for the scientists at EMBL in
DNA and peptide synthesis, DNA and protein sequencing,
gel and film scanning, automated microinjection in cells
and sorting with FACS are provided. The groups are in
close contact with other Programmes, as well as with the
mechanical/electronic workshops and the design office at
EMBL.

A new group leader, Mathias Mann, was appointed for the
Protein Group. Starting in May 1992, he will be working on
the development of mass spectrometry, together with laser
desorption and ion trap techniques. The aim is to develop
these techniques for faster protein and DNA characteriza-
tion, in particular protein sequencing. Analysis of protein
modifications and determination of molecular weight will be
provided by mass spectrometry by the middle of 1992.

The protein sequencing and peptide synthesis unit has
continued to provide services to EMBL scientists. The use
of these services expanded rapidly and the longer waiting
time made it necessary to introduce a commercial version of
the automated multiple peptide synthesizer, originally devel-
oped at EMBL. At the end of the year a second automated
gas phase protein sequencer and additional equipment for
preparation, purification and analysis of proteins were ne-
gotiated.

The application of the 2'-O-alkyloligoribonucleotides as sta-
ble antisense derivatives has increased dramatically during
the year, the 2'-O-allyl analogues being of particular impor-
tance due to their low non-specific binding. An agreement
was concluded with Boehringer Mannheim for the commer-
cialization of these compounds which will be available in
1992.

It has been possible to replace all but 6 of the ri-
bonucleotides in a hammerhead ribozyme with the 2'-0-
allylribonucleotides, with only a small loss in catalytic activ-

ity. Because of the properties of these compounds, it may
be possible to force the synthetic hammerhead to adopt
preferentially particular secondary structures. In addition to
the production of reagents for the molecular biologists, we
plan to develop this methodology further towards reliable
antisense probes.

Key new developments were initiated and applied on the
EMBL automated sequencer and its commercial version
A.L.F. (Pharmacia Biosystems). A new procedure for auto-
mated Sanger sequencing with multiple internal fluorescent
labelling of DNA by fluorescein-12-dUTP was introduced.
Compared to the end-labelling protocols, DNA sequencing
with internal label results in stronger peak intensities due to
the multiple labelling of the fragments, allowing sequencing
of small amounts of DNA. In parallel, an automated high
speed DNA fragment analysis system for various applica-
tions, such as genome mapping by restriction fingerprinting,
was developed. Several new automated robotic systems
were constructed, e.g. an automated gel loader and a device
for pick-up of clones and differential screening of films and
bacterial colonies. DNA sequencing on ultrathin slab gels
(thickness about 100 j.lm) allows at present 10-20 times
higher sequencing speeds, 500-1200 bases per hour per
clone, and a reading length of up to 800 bases.

Higher data input requires a well adapted computer analysis
station and good user software. Significant improvements in
the determination of the sequence from the raw data by the
automated reader were achieved. We are building computer
networks for use in the DNA sequencing service and in large
sequencing projects.

We are participating in sequencing the genome of the
yeast S.cerevisiae, chromosome XI, a project funded by
the European Communities. The EC will also support with
a grant the development of a new automated sequencer,
with considerably higher throughput. In parallel, we have
started to map and sequence similar genes in the yeast
S.pombe, and to compare the two genomes. The gene
encoding human casein kinase II subunit (3 was isolated
from genomic DNA and its sequence determined.
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An improved version of the new automated multiple seg-
mental oligonucleotide synthesizer was developed in the
Programme and large efforts were devoted to optimization
of the sequencing primer selection, resulting in greatly im-
proved reliability of the primers in sequencing, achieving
about 90% efficiency.

An ultrasensitive low light level microscopy and micro-
imaging system was developed for fast automated quantifi-
cation of weakly labelled fluorescent specimens. Low light
level imaging technology combined with quantitative image
processing methods and computer control of the moving
parts of the system allow fully automated quantification of
fluorescent molecules in single living or fixed cells.

The fluorescence activated cell sorter was used extensively
as a service tool during the year. Particular attention was
paid to questions of experimental design, staining tech-
niques and interpretation of results. Experiments were car-
ried out with groups from the Cell Biology, Differentiation
and Gene Expression Programmes.

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

Group leader: W. Ansorge

Scientists, Engineers: H. Erfle, R. Pepperkok, C. Schwager, G. Smith, J. Stegemann, H. Voss, J. Zimmermann

Fellows: T. Dietrich, S. Herr

Visitors: J. Celis*, B. Dworniczak*, X. Estivil*, M.P. Gaub*, W. Just*, T. Kristensen*, P. Marcandalli*, W. Pyerin*,
A. Smith*, M. Uhlen*, U. Wirkner*

Assistant: N. Hewitt

Automated DNA sequencing station
with fluorescent labels

One of the aims of the group is to develop and push the
automated on-line DNA sequencing gel technology to its
limit in sequence throughput, which may be somewhere
around 100 kilobases of sequence per device per day.
Such a system will be developed during the next two years
with a grant from the European Communities. It will be
used for the sequencing of human cDNAs and analysis
of microsatellite regions in collaboration with the groups of
J. Celis (Aarhus) & X. Estivil (Barcelona). In parallel new
unconventional sequencing methods are being considered
and analysed.

Key new developments on the EMBL automated sequencer
and its commercial version A.L.F. (Pharmacia Biosystems)
were initiated and applied during the year. Improvements in
existing techniques leading to higher sequence output are
of importance to routine projects. This can be achieved in
several ways:

by increasing the number of clones run simultaneously
on a gel, e.g. by running clones labelled with two or
more dyes;
by increasing the speed with which the bands migrate
in the gel, e.g. by using ultrathin gels allowing higher
voltages or by using new gel matrices;
by increasing the number of resolved bases in one run,
e.g. by increasing the separation distance in the gel
and by optimizing the sequencing reactions;
by re-using the gels several times.

Protocols for reliable selection and synthesis of oligonu-
cleotide primers for "walking" became crucial in the devel-
opment of a fast, automated system and strategy for routine
small, as well as large sequencing projects. Together with
the group of Brian Sproat we tried to optimize the primer

selection, considering both the melting temperature and
enthalpy of the nearest neighbours. Two software packages
were adapted to this aim, resulting in a greatly improved
reliability of the primers in sequencing, achieving about 90%
efficiency. This strategy accentuates the need for the new
automated multiple segmental oligonucleotide synthesizer,
developed in the Programme (see below).

Longer gel separation distances result in higher resolution
and longer sequence reading length. The resolution of
the EMBL automated sequencer A.L.F. (Pharmacia) is in-
creased by up to 150 bases, i.e. from 450 to 600 bases with
good samples, when the separation distance is increased
from the standard 190 mm to 250 mm, while using the
standard 300 mm long glass plates. The sequencing speed
can be increased on 0.3 mm and thinner gels (see below).
With the new gel matrix Hydrolink the sequencing speed
can be increased up to 400 bases per hour per clone on
the standard A.L.F. sequencer and, in addition, the same
gel may be loaded and re-used 2-3 times.

Higher data input requires a well adapted computer analysis
station and good user software. Significant improvements
in the determination of the sequence from the raw data by
the automated reader were achieved with the new software
made available by Pharmacia. We are building computing
networks for use in DNA sequence service and in large
sequencing projects.

New procedure for automated DNA sequencing
with multiple internal labelling by fluorescent dUTP

There are several disadvantages to the standard current
automated DNA sequencing methods. Only one fluores-
cently labelled molecule is incorporated into each dideoxy
sequencing product, either at the 5'-end via an end-labelled
oligonucleotide primer or at the 3'-end via a labelled chain-
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terminating dideoxynucleotide. Labelling of primers is a rela-
tively expensive and time-consuming procedure, especially
for the "walking primer" sequencing strategy. On the other
hand, the fluorescently labelled chain-terminating ddNTPs
are strongly discriminated by the DNA polymerases, so that
millimolar amounts of labelled ddNTPs have to be included
into the reaction mixes, and the excess of unincorporated
ddNTPs must be separated from the reaction mixture by
column purification prior to loading on the sequencing gel.
Besides wasting large amounts of the label, sequencing
with labelled ddNTPs results in a high variation of peak
intensities and, thus, a somewhat lower reliability of the
determined sequence.

A new procedure for automated Sanger sequencing with
multiple internal fluorescent labelling of DNA was intro-
duced. In the sequencing reaction, dTTP is replaced by
fluorescein-12-dUTP in the primer extension/labelling step,
which is incorporated into the growing chain during its en-
zymatic elongation by T7 DNA polymerase. Compared to
the end-labelling protocols, DNA sequencing with internal
label results in stronger peak intensities due to the multiple
labelling of the fragments, allowing sequencing of small
amounts of DNA. Compared to standard methods, it is cur-
rently possible to obtain sequences with 5-10 times smaller
DNA amounts, e.g. 0.1-0.2 J-lg of single-stranded, and 0.5-
1 J-lg of double-stranded DNA. Sensitivity will be further
improved when the other three fluorescein labelled dNTPs
are also available, and even more label is incorporated in the
DNA fragments. In addition, other current important proto-
cols were adapted to the technique with labelled dUTP, e.g.
sequencing of PCR products on magnetic beads, chemical
degradation, amplification of DNA by thermal cycling, or
labelling of DNA restriction fragments for fast analysis by
fingerprinting.

A further advantage of this procedure, particularly for the
"walking primer" strategy, is the use of standard unlabelled
primers, increasing the speed of the sequencing method,
reducing the cost and simplifying the software for sequence
assembly. We have noticed that the cost of labelling in the
sequencing is lowered by a factor of 100 and more (less
than 0.013 $ per reaction) by this procedure. Interestingly,
mobility shifts of the bands in the sequence pattern and
lower band resolution, which could result from multiple in-
ternal fluorescent labelling, were not observed. The resulting
sequence reading length on single-stranded templates and
plasmids is 400-650 bases and appears to be limited only
by the resolution of the gel.

The recently available fluorescein-12-dUTP has allowed us
to test the acceptance of a dNTP carrying a large labelling
group by a DNA polymerase in sequencing reactions. We
have observed that fluorescein-12-dUTP is accepted al-
though at a lower rate than unlabelled dTTP - by T7, Taq,
T4 and Klenow DNA polymerases, as well as by AMV
reverse transcriptase. An important application is the linear
amplification of DNA (thermal cycling) protocol using only
one unlabelled primer, adapted and developed for direct
sequencing of both single-stranded and double-stranded
vectors with small DNA amounts, using the fluorescein-12-
dUTP. Starting amounts of 0.5-2 J-lg of cosmid or ,.\ DNA are
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sufficient to obtain sequence readings of 350-400 bases.
This technique, using unlabelled "walking primers", could
become a most efficient method for direct sequencing of
DNA cloned in large vectors, without subcloning, and pro-
ducing very little redundant sequence data. Improvements
in the reliability and verification of low error rate obtained
with the thermostable DNA polymerases will be needed.

Recently, a newly developed dUTP labelled with a fluores-
cent dye emitting in red was tested in collaboration with
the Boehringer Mannheim Company, and turned out to be
successful. This will allow us to build DNA sequencers with
double daily throughput, running two clones simultaneously
(each labelled with one dye) in the same tracks on the gel
and detecting at two different wavelengths. In principle, this
could be expanded even to three and more dyes, thereby
further increasing the throughput per day.

This new technique was published and a patent was applied
for by EMBL.

Robotics and automation of DNA sequencing
procedures

Several automated systems were constructed in collabora-
tion with the mechanical and electronics workshops and with
the design office at EMBL.

Automated gel loader

The device is particularly useful for routine use in the
DNA sequencing service. It uses microtiter plates format
as the robotics for sequencing reactions. In future it will be
indispensable when re-Ioading and running the gels several
times becomes a routine operation. The modular way in
which the hardware and software were developed also allow
us to use the device in automation of other processes. At
present we are in contact with several companies interested
in its commercialization under licence from EMBL.

Pick-up of clones

An automated system, including a CCD camera with an
image processing system and a mechanical arm, for picking
up clones and for differential screening of films and bacterial
colonies, was designed and is being tested.

"Universal" protocol for purification and
sequencing reactions of double-stranded DNA

A "universal" protocol for purification and sequencing reac-
tions of double-stranded DNA (plasmid, ,.\ phages, cosmid,
PCR products) was developed and optimized for routine
use on the Biomek 1000 (Beckman) robots. This is the
first time a fully automated protocol for dsDNA has been
reported, and it is already in use in several laboratories. In
the plasmid DNA sequencing the alkaline denaturation is an
essential step. A simplified protocol for the denaturation of
the template DNA was developed using a simple neutraliza-
tion step. Time saving in the procedure amounts to 50 min
and automation is completed without centrifugation steps.



High speed on-line DNA sequencing on ultrathin gels

A new sensitive detection system is at present under devel-
opment for prototypes operating routinely on ultrathin slab
gels, with a higher number of clones being sequenced simul-
taneously. A significant increase in the sequence speed and
output was achieved. According to the tests carried out in
our laboratory, DNA sequencing on ultrathin slab gels (thick-
ness about 100 j.lm) allows at present 10-20 times higher
sequencing speeds of 500-1200 bases per hour per clone,
and reading length up to 800 bases (40 cm separation length
in gel). These gels are apparently less damaged during
prolonged electrophoresis, and the possibility of reloading
them several times is an important operational advantage.
In several tests, sequence readings in three successive
loadings' were comparable. The automated gel loader de-
veloped in the Programme will help to take advantage of
the possibility to reload the gels after the short runs.

Comparing the results with those reported recently for DNA
sequencing in capillaries, both the reading length (sequence
readings 450-800 bases) and the sequencing speed (500-
1200 bases per hour per clone) obtained on ultrathin slab
gels are at present higher. Handling and sample loading
with slab gel is easier than with capillaries. The .sensitivity
observed with capillaries is at present comparable to that
achieved in the standard EMBL automated DNA sequencer.
High speed automated DNA sequencing systems using
ultrathin slab gels could become a useful tool for fast DNA
sequencing in both small and large scale projects.

The current commercial automated DNA sequencers em-
ploy 0.5 mm thick polyacrylamide gels, allowing operation
at speeds between 40-100 bases per hour per clone. The
sequencing speed is at present the limiting factor in the
sequence output per day. Reducing the gel thickness to
0.3 mm, the sequencing speed of the EMBL A.L.F. se-
quencer was increased to 200-450 bases/hour/clone, using
polyacrylamide or hydrolink as the gel matrix. The continu-
ous excitation, detection and data acquisition systems with-
out scanning cope well with the higher speeds. Reloading
of the gel is possible because it is not damaged during
the shorter electrophoresis time resulting from the higher
voltages applied to the thinner gels. Increase in speed and
gel reloading allow up to 3 times higher sequence output
per day on the standard commercial device.

Polymerase chain reaction and solid
phase supports in DNA sequencing

A technique for the sequencing of polymerase chain reaction
(PCR) products combining magnetic beads and fluorescein-
12-dUTP labelling was developed. Non-specific adhesion
of the dUTPs to the bead surface, which could limit the
resolution, has not been observed. The DNA fragment is
selectively immobilized, e.g. by a biotinylated primer to the
streptavidin coated support, and after elution the eluted
strand as well as the immobilized strand are used for
bidirectional dideoxy sequencing. Availability of the rho-
damine and fluoresceine labelled dUTPs will enable direct
and simultaneous sequencing of the two strands, using
one label for the immobilized and the other for the eluted

DNA strand. The EMBL sequencer with a potential daily
throughput of 50-100 kb per device analysing on-line two
dyes is under development with support from the European
Communities.

Increased reproducibility and yield in the reactions is the
advantage of the solid phase supports, since buffers and
reagents can be changed rapidly due to the easy sepa-
ration of reaction solutions from the solid support. In ad-
dition, these methods are amenable to automation and
were adapted and developed for a robotic workstation. Over
the past years, we have been using several solid phase
supports like glass fibre filters for the preparation of M13
templates or the Hybond paper (Amersham) in chemical
degradation sequencing reactions, in the processing of DNA
samples (purification of DNA templates and sequencing
reactions).

DNA sequencing projects

Besides providing a sequencing service to EMBL scientists,
we are involved in sequencing projects and collaborate with
several groups on the sequencing of genes or cDNAs of
high interest.

We participate in the genome sequencing of the yeast
S.cerevisiae chromosome XI, a project organized and
funded by the European Communities. At least 25 kb are
expected in the first year per participating group, and we
intend to increase this amount 2-4 times in the following
years. The strategy used with the cosmid DNA was to carry
out a detailed restriction map analysis, nested deletions re-
actions and fill the gaps in contigs by walking with unlabelled
primers and fluorescent dUTP.

In parallel we started to sequence similar genes in the yeast
S.pombe and compare the two genomes. The first will be the
casein kinase II gene, in collaboration with Giulio Draetta.
Peter Rice from the computer group collects all available
sequence and mapping data on S.pombe.

In collaboration with W. Pyerin, Heidelberg, we have studied
the structure of the gene encoding human casein kinase
II (CK II) subunit {3. The human CKII is an ubiquitous
serine/threonine protein kinase with numerous key functions
in cell metabolism and growth. If has a tetrameric structure;
two catalytic subunits form the holoenzyme together with
two presumably regulatory subunits ({3). The gene encoding
CKII subunit {3 was isolated from human genomic DNA and
the sequence primary structure was analysed in the EMBL
sequencing station. The gene was found to span 4.2 kb
and is composed of seven exons. Exon sizes range from
76 bp (exon 5) to 329 bp (exon 1), intron sizes from 145 bp
(intron V) to 965 bp (intron II). The upstream promoter region
of the CKII{3 gene contains multiple potential gene regula-
tory sequence elements. These include accumulations of
putative binding sequences for several regulatory proteins.
Intron II contains a complete ALU repeat (278 bp). The
CK 1I{3 gene promotor structure shares common features
with that of other mammalian protein kinases, in particular
of the regulatory subunit gene of cAMP-dependent protein
kinase.
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This collaboration continues with the sequencing of casein
kinase II Q subunits.

Techniques for the mapping of genomes

An automated high speed DNA fragment analysis system for
various applications, such as genome mapping by restriction
fingerprinting, was developed. Fluorescently labelled DNA
fragments are prepared by a rapid simultaneous restriction
enzyme cutting and "fill-in" labelling protocol, using sev-
eral restriction enzymes and a DNA polymerase together
with fluorescent chain terminating dideoxynucleotides or
fluorescein-12-dUTP. Fluorescently labelled DNA fragments
up to 2 kb length are analysed within 15 to 25 minutes on
mechan"ically stable hydrolink slab gels of thickness 0.2-
0.3 mm, and the data are stored directly in the computer.
One gel can be re-used up to 10 times within several
days without loss in resolution, resulting in a throughput of
several hundred samples per day in one automated DNA
fragment analyser. Compared to the current techniques with
fluorescent labels and commercially available devices for
gene mapping, the procedure and the system developed
here reduce the labelling time from 14 h to 1 h, and the
running time of the gel from 12 h to about 20 min. The
sample throughput is increased about 100 times.

As a model system we intend to apply this technique to
ordering a genomic library of the S.pombe yeast. We are
testing the P1 vector (Dupont) to construct the library, but
so far in repeated tests the insert size was not reproducible.
We are trying to obtain one of the existing cosmid libraries
and also consider generating the library in large YACs, as
they were described recently. We will test a simplification
involving PCR with a mixture of primers, which could avoid
the preparative cloning work involved in the standard fin-
gerprinting. Work on possible approaches for realization of
the sequence-tagged-sites (STS) mapping of genomes was
initiated and tests were carried out. In the middle of 1992
we will organize another workshop at EMBL to discuss the
possibility of an international collaboration on the mapping
and sequencing of the S.pombe genome.

Multiple DNA synthesizer, primers for sequencing

An improved version of the multiple DNA synthesizer was
developed in the Programme by the groups of Brian Sproat
and Wilhelm Ansorge, together with the mechanical and
electronics workshops and the design office at EMBL. The
aim was to increase the number of primers synthesized
simultaneously, as well as to synthetize oligonucleotides
at a price lower by an order of magnitude. The device for
simultaneous synthesis of 10 oligonucleotides, with a 6-10
times smaller consumption of chemicals, will be produced
commercially by Bertin, Paris. Among those available on the
market at present, this synthesizer will produce the primers
at the lowest price and with the highest throughput per
day.

Function and reliability of the synthesizer were tested dur-
ing 1991, in particular during the production of "walking"
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primers for the S.cerevisial sequencing project and in the
sequencing service. The importance of the direct sequenc-
ing strategy with "walking" primers increased significantly
with our introduction of the new sequencing technique using
labelled dNTPs. It avoids the need for labelling the primers,
simplifies the work and the software for sequence assem-
bly.

DNA sequencing service

Over 70 staff members were regular users of the ser-
vice. Sequencing of single-stranded, plasmid, cosmid and
,\ DNA is carried out on the EMBL automated fluorescent
system and its commercial version A.L.F. from Pharmacia
Biosystems. In addition, sequencing of PCR products and
chemical degradation are offered. The sequence information
is transferred via electronic mail to the user's file on the VAX
computer.

Over 2000 clones were processed, with average reading
above 300 bases, but in good runs up to 650 bases were
achieved. Average waiting time is two days from sample
to sequence, depending on the workload. The service now
offers the "walking primer" strategy with standard unla-
belled primers, using the new sequencing technique with
fluorescein-12-dUTP and the multiple segment synthesizer
developed in the Programme. At present this strategy was
limited by the special effort and money needed to synthesize
and label the new primers. The users may now obtain the
sequence with their existing unlabelled primers, as they may
have used them in radioactive sequencing. By far the largest
influence on sequencing results was the quality of DNA tem-
plate preparation. We offer the double- and single-stranded
DNA preparations in service.

Gel and film scanning facility

At the beginning of 1991 a Phosphor Imager (from Molec-
ular Dynamics) was installed at EMBL. This device re-
places the standard use of x-ray films by image plates.
The physical properties of the image plates result in ex-
posure times 10 times shorter than those on radioactively-
labelled gels and filters. In addition, the image plates
have a very high dynamic range of 1:10,000 compared to
1:200 on films. This enables us to compare on the same
gel samples with very different 3pecific activities, without
double exposures and different exposure times. The im-
age plates are read and subsequently quantified on the
installed Image Quant software. Printouts comparable to
autoradiograms can be made with the connected laser
printer.

The Pharmacia LKB utroscan laser densitometer is available
to users at EMBL for scanning and quantitation of one
dimensional autoradiograms and coomassie blue stained
protein gels.

Both systems are serviced and maintained by Christian
Schwager in the Programme, and were used by scientists
from all biological Programmes at EMBL.



Microinjection and electro-transfection of cells

An automated microinjection service is offered to the groups
at EMBL on the commercial version (Zeiss Company) of
the device developed in the Programme. For long-term
projects we train members of the groups in operation and
provide maintenance of the equipment. Several projects
are carried out in collaboration with the research groups.
Injection experiments are carried out in the initial feasibility
testing phase of a project and for newcomers.

Regular users of the systems were e.g. the groups of
Spyros Georgatos (injection of antibodies and synthetic pep-
tides, studying their interaction with intermediate filaments),
Thomas Kreis (injection of antibodies and fluorescently la-
belled proteins), Giulio Draetta (characterization of cell cycle
related proteins, investigation of the function of cyclins and
cdc2-related protein kinases during the cell cycle), Lennart
Philipson (studies on promotor control of the gas 1 gene,
function and interaction of helix-loop-helix proteins during
cell proliferation). In a collaborative project with the group
of Angus Lamond snRNP-rich organelles in cell nuclei were
characterized by microinjection of fluorescently labelled an-
tisense oligonucleotides or antibodies to label and follow the
organelles in living cells.

External collaborative projects were carried out e.g. with:
W. Just (University of Heidelberg) on electro-transfection
andmicroinjection of DNA, microinjection of organelles, W.
Pyerin (German Cancer Research Centre, Heidelberg) on
microinjection and electrotransfection of antisense oligonu-
cleotides and antibodies against casein kinase II, A. Smith
(MRC, Cambridge) on gene targeting, both by microinjection
and electro-transfection.

The hardware of the electro-transfection device has been
further improved in collaboration with the electronic work-
shop. It has been efficiently used for transfection of bac-
teria, yeast and mammalian cells. The method for electro-
transfection of cells grown on glass coverslips was signif-
icantly improved. It was applied to the electroporation of
oligodeoxynucleotides, synthetic peptides, antibodies and
plasmid DNA.

Ultrasensitive low light level microscopy
and micro-imaging

A system was developed which allows sensitive and fast
automated quantitation of weakly labelled fluorescent spec-
imen. Low light level imaging technology combined with
image processing methods and computer control of the
moving parts of the system allow fully automated quan-
titation of fluorescent molecules in single living or fixed
cells. Accuracy of the data is increased by determining
the ratios of the fluorescence intensities of the respective
fluorophores in the same object. Variations in protein con-
centrations higher than 10% can be reliably detected in
single cells.

An object oriented software package controlling the
realtime-board, transfer of digitized images from the board

to a host computer, and the movable parts of the micro-
scope (such as shutter, filter change) was developed by a
predoctoral student in the Programme. Additional features
of the developed image processing software are:

realtime integration and background subtraction of live
images;
zoom, for better visualization of details; images can be
zoomed up to a factor 8, this process takes about 5
seconds;
time laps enabling us to follow intracellular events such
as RNA transport in living cells;
documentation and quantitation of images by an image
processing system.

The method was applied to evaluate results in automated
microinjection experiments. Regular users of the system
were the groups of Giulio Draetta, Angus Lamond, Lennart
Philipson and David Vaux. In collaboration with the groups
of Giulio Draetta and Lennart Philipson the system was
used in single cell quantitation of expression of reporter
genes fused to promotor regions of cell cycle regulated
genes. In collaboration with the group of Angus Lamond
it was applied to visualization and tracking of snRNAs or
pre-mature RNA in living cells labelled by short fluorescent
antisense oligodesoxy-nucleotides.

Limitations of the quantitation methods arise from the quality
of the camera and of the imaging system used. We are
therefore designing a new system in which the use of a
cooled CCD camera with appropriate computer technology
will allow a further increase in the sensitivity of the sys-
tem, up to the level of single photons. The high dynamic
range of the CCD camera should increase by at least one
order of magnitude of the range of concentrations which
could be reliably quantified. The system is being devel-
oped for simultaneous analysis of different fluorescently-
labelled molecules and will find applications e.g. in studies
of RNA splicing, DNA replication and in situ hybridiza-
tion.

Separation of biological particles

During the past year, the EMBL fluorescence activated
cell sorter service facility was used extensively. Significant
improvements were made to the electronics of the system,
enabling higher speed of measurements, data taking and
sorting of samples. Cell cultures have been maintained as
part of the service and development collaborations. Prepa-
ration and staining of samples has also been added to the
flow cytometry service.

More than 200 experiments involving over 2500 samples
have been carried out during the year. Users of the service
included groups from the Cell Biology, Differentiation and
Gene Expression Programmes. Among the key applica-
tions has been immunofluorescence quantitation of chicken
haematopoietic cells for the group of Thomas Graf. Another
major application has been the analysis of cell cycle, mea-
sured by propidium iodide. Mammalian and yeast cells have
been studied extensively. Epithelial cell CCL64 cycle re-
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sponses to TGFf3 and EGF have been investigated (groups
of Draetta and Sorrentino), and other cytokine functions in
cell cycle regulation have been analysed (group of Sara
Courtneidge), as was the blocking of temperature sensitive
mutants (Thomas Graf).

Yeast cell cycle analysis has been carried out. Mutants of
S.pombe have been studied extensively to assay certain
protein functions (Giulio Draetta). The cell cycle analysis in
cells containing the GAL::nsp1 gene was continued (group
Ed Hurt). A further application was the assessment of the ef-
ficiency of electroporation by determination of FITC dextran
uptake.

Plans for the coming year include further improvements in
the recovery of viable sorted cells, the analysis and separa-
tion of mammalian chromosomes, and the introduction of a
fluorescence proliferation assay based on bromodeoxyuri-
dine uptake. The service will be expanded with another fast
sorter which will be used mainly for fast and short analysis
tests, and will free the capacity of the FACS device for
sorting experiments.

Publications during the year

Carmo-Fonseca, M., Pepperkok, R., Sproat, B.S., Ansorge,
W., Swanson, M.S. & lamond, A.1. (1991). In vivo detection
of snRNP-rich organelles in the nuclei of mammalian cells.
EMBO J., 10, 1863-1873

Carmo-Fonseca, M., Tollervey, D., Pepperkok, R., Barabino,
S.M.l., Merdes, A., Brunner, C., Zamore, P.O., Green, M.R.,
Hurt, E. & lamond, A.1. (1991). Mammalian nuclei contain
foci which are highly enriched in components of the pre-
mRNA splicing machinery.EMBO. J., 10, 195-206

Kail, M., Hollinshead, M., Ansorge, W., Pepperkok, R.,
Frank, R., Griffiths, G. & Vaux, D. (1991). The cytoplas-
mic domain of alphavirus E" glycoprotein contains a short
recognition signal required for viral budding. EMBO J., 10,
2343-2351

Pepperkok, R., lorenz, P., Jakobi, R., Ansorge, W. & Py-
erin, W. (1991). Cell growth stimulation by EGF: Inhibition
through antisense-oligodeoxynucleotides demonstrates im-
portant role of casein kinase II. Exp. Cell Res., 197,245-253

Pepperkok, R., Schneider, C., Philipson, l. & Ansorge,
W. (1991). Single cell assay with an automated capillary
microinjection system. Cytotechnology, 5, S93-98

Schwager, C., Stegemann, J., Voss, H., Rice, P., Erfle,
H., Hewit, N., Zimmermann, J., Sproat, B. & Ansorge, W.
(1991). DNA sequencing technology today and tomorrow.
In Advances in Molecular Genetics. Genome Analysis: From
Sequence to Function:eds. Collins, J. &Driesel, A.J.; HOthig
Buch Verlag, Heidelberg, 4, pp. 23

Stegemann, J., Schwager, C., Erfle, H., Hewitt, N., Voss,
H., Zimmermann, J. &Ansorge, W. (1991). Automated DNA
sequencing on ultrathin slab gels. Meth. Mol. Cell. BioI., 2,
182-184
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sequencing on a commercial automated sequencer using
0.3 mm thin gels. Meth. Mol. Cell. BioI., 2, 292-293
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Cell. BioI., 3, 33-35
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Zimmermann, J.& Ansorge, W. (1991). High speed on-line
DNA sequencing on ultrathin slab gels. Nucl. Acids Res.,
19, 675-676

Voss, H., Schwager, C., Wirkner, U., Zimmermann, J., Erfle,
H., Hewitt, N., Rupp, T., Stegemann, J. & Ansorge, W.
(1991). New procedure for automated DNA sequencing with
multiple internal labelling by fluorescent dUTP. Meth. Mol.
Cell. BioI., 3, 12-17
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Other references

Ansorge, W. &de Maeyer, l. (1980). J. of Chromatography,
202, 45-53

Voss, H., Stegemann, J., Schwager, C., Zimmermann, J.,
Erfle, H., Hewitt, N.A., Rupp, T. & Ansorge, W. (1992). Meth.
Mol. Cell. BioI., 3, in press

Patents granted in 1991

Process for sequencing nucleic acids sequencing with one
dye in one lane. USA Patent Nr. 448 726

Groups of Ansorge, W. & Sproat, B. Apparatus for se-
quential chemical reactions (segmental DNA synthesizer).
European Patent Nr. 0 365 668

Patents applied for in 1991

Method for sequencing of DNA with labelled dNTPs. Ger-
man patent application

General solid phase sequencing method using labelled nu-
cleotides. German patent application



Nucleic acid chemistry

Group leader: B.S. Sproat

Scientists: B. Beijer, U. Pieles*

Fellows: M. Douglas

Visitors: R. Guimil Garcia*, M. Bengtstrom*, R.K. Gaur*

Assistants: S. Weston, S. O'Loughlin, T. Rupp

Oligoribonucleotides

We have been collaborating with Prof. C.B. Reese (Kings
College, London) and with a company called Cruachem
Ltd. (Glasgow, Scotland) for the past two years to de-
velop solid phase oligoribonucleotide synthesis by the phos-
phoramidite procedure using the 2'-0-[1-(2-fluorophenyl)-
4-methoxypiperidin-4-yl] protecting group. At the moment
this method produces good results and excellent product
yields up to the 20-mer level. It has been possible to pre-
pare longer oligoribonucleotides by this method, however
the yields were very low. A number of weak points have
been discovered and it is clear that the method can be
further optimized. Suitably protected monomers will now be
commercially available from Cruachem early in 1992.

We were able to substantially improve the alternative
oligoribonucleotide synthesis procedure which uses 2' -0-
trialkylsilyl protection. This method requires considerable
care, however it is capable of giving excellent results and
we have successfully prepared a 50 residue catalytic hair-
pin sequence in good yield. To minimize problems during
deprotection and purification of oligoribonucleotides pre-
pared by this method we have introduced several improve-
ments. Cleavage of acyl protecting groups and the linkage
to the carrier is best performed with 1:1 v/v anhydrous
ethanolamine/ethanol for 2.5 h at 60°C. Solvent is then
removed on a Speedvac and the residue dissolved in a 1 M
solution of tetrabutylammonium fluoride in tetrahydrofuran
in an Eppendorf. This cleaves the 2'-O-trialkylsilyl groups
within 24 h at room temperature. The crude deprotected
oligoribonucleotide is then obtained directly by precipitation
from this solution with a large excess of 1-butanol. Purifica-
tion is best achieved by polyacrylamide gel electrophoresis.

In the future we will be using both methods for RNA syn-
thesis (Fpmp route for shorter oligomers and silyl route for
longer oligomers). The ability to obtain good yields of prod-

uct will enable us to obtain enough material for structural
investigations of oligoribonucleotides in collaboration with
the x-ray crystallography and NMR spectroscopy groups.
We already have the possibility of incorporating non-regular
nucleotide monomers, such as pseudouridine, inosine and
various N-methylated nucleotides.

2'-O-Alkyloligoribonucleotides

We have spent four years developing 2'-O-alkyloligoribo-
nucleotides as stable antisense probes in collaboration with
the group of Angus Lamond. The chemistry has been
developed and refined in such a way as to use a min-
imum of versatile nucleoside intermediates to generate a
large number of different compounds with modified sugars
and/or heterocycles. Our routes to 2'-O-alkyladenosines and
cytidines now employ azide displacement of the 4-0- or
6-0-aryl group from the appropriate precursor followed by
reduction of the resultant azide/tetrazole with the stannous
tris(thiophenolate) anion. This conveniently circumvents the
use of anhydrous ammonia at high temperature and pres-
sure.

We previously showed that the 2'-O-allyl RNA had ad-
vantages over 2' -O-methyl RNA in particular with regard
to non-specific interactions. It has now been possible to
compare directly our various analogues by thermal analysis
due to the acquisition of a Cary 3 UV/vis spectrophotometer
equipped with a thermostatable multi-cuvette block. Thus,
in terms of thermal stability the following order is observed:
RNA·2'-0-MeRNA>RNA·2'-0-allyl RNA 2: RNA·RNA, and
moreover 2'-0-MeRNA·2'-O-MeRNA and 2'-O-allyl RNA·2'-
O-allyl RNA homoduplexes are about 10°C more stable
that the corresponding RNA·RNA hybrids. Whereas 2'-0-
MeRNA forms a duplex with complementary DNA with more
or less identical Tm to the DNA·DNA or DNA·RNA hybrid,
2'-O-allyl RNA forms a poor hybrid with complementary DNA
(Tm drops about 6°C for a 12-mer in 0.1 M salt solution).
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A comparison of 2'-O-alkyloligoribonucleotide probes with
G replaced by I, or A replaced by 2-amino A supported the
predicted effects. Thus, replacing three Gs in a 12-mer 2'-
O-alkyl RNA probe with three Is caused the Tm of the hybrid
to an oligoribonucleotide to drop by 18-19°C. Replacement
of three As in the same probe with three 2-amino As caused
the Tm to increase by 9°C. This data proves very useful for
designing probes for the selection or depletion of specific
RNAs or RNPs from crude cellular extracts.

We concluded an agreement with Boehringer Mannheim
this year and the 2'-0-allyl monomers of U, C, A and G
will be commercially available in early 1992. Appropriate
derivatives of I and 2-amino A will be produced somewhat
later.

During the year we substantially improved our synthetic pro-
cedures for incorporation of biotin and/or 2,4-dinitrophenyl
moities during the solid phase synthesis enabling the la-
belled probes to be used for affinity purification of RNPs.
The use of long polar spacer arms based on 1,8-diamino-
3,6-dioxaoctane proves to be particularly advantageous.

The synthesis of 2'-O-butylribonucleotide monomers was
completed and it was shown that 2' -O-butyloligoribo-
nucleotides could be used for selection and depletion of
snRNPs. Thermal analysis of complexes containing 2'-0-
butyl RNA gave some totally unexpected results: The hybrid
between 12-mer RNA and 12-mer complementary 2'-0-
butyl RNA has a Tm 5°C below that of the RNA·RNA duplex
and not surprisingly a DNA·2'-0-butyl RNA hybrid has a
Tm<30°C, however a 12-mer 2'-0-butyl RNA·2'-0-butyl
RNA duplex had a Tm of 84°C in 0.1 M salt. Furthermore,
replacement of three As by three 2-amino As caused the Tm
to increase to 94°C. We plan to investigate the structure of
this very stable duplex by NMR spectroscopy and/or x-ray
crystallography.

Synthetic ribozymes

In collaboration with Angus Lamond and Giovanni Paolella
we have synthesized a variety of highly modified 36 residue
hammerhead ribozymes. In particular one of these struc-
tures has only 6 ribonucleotides left, is very stable in serum
and moreover still possesses 20% of the catalytic activity of
the parent structure in cleaving an RNA target. A patent has
been applied for and there is already considerable interest
from major pharmaceutical companies in developing this
technology further with a possible final goal of developing
antiviral therapeutics. The interesting properties of differ-
ent 2'-O-alkyloligoribonucleotides will allow us to fine tune
our molecules by controlling the secondary structure and
thereby influencing the catalysis.

Multiple oligonucleotide synthesizer

The device developed in collaboration with Wilhelm An-
sorge's group has been further modified and will be mar-
keted by a French company. Extensive experimentation has
enabled us to reduce substantially reagent consumption
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on the instrument. The device is therefore ideal for low
cost primer synthesis as will be required for walking primer
sequencing in genomic sequencing projects.

Oligonucleotide synthesis service

The service load increased about 20% compared to 1990;
a total of 3779 oligonucleotides being made during the year
with peak months January (349), April (346), May (379) and
October (400). To keep pace with the ever increasing work-
load, particularly with regard to non DNA oligonucleotides,
we purchased a 4-column ABI synthesizer to use in addition
to the four 3-column machines. Our oldest 3-column synthe-
sizer is now approaching the end of its useful lifetime and
will have to be replaced by a 4-column instrument during
1992.

In addition, we have just replaced our oldest Waters hplc
system with a Beckman System Gold hplc equipped with
semi-preparative pump heads, auto-loader, diode array de-
tector and fraction collector. This will allow us to perform
automated routine hplc purifications overnight.

From the total oligonucleotides synthesized, 191 were 2'-0-
alkyloligoribonucleotides, 36 were oligoribonucleotides and
55 were mixed 2' -O-alkyl RNA/RNA. Many of these were
labelled with biotin, fluorophores, psoralen, 2,4-dinitrophenyl
moities and/or cholesterol.

The range of modifications routinely available is now con-
siderable and we have satisfactory oligoribonucleotide syn-
thesis up to the 50-mer level.

Publications during the year

Bardwell, V.J., Wickens, M., Bienroth, S., Keller, W., Sproat,
B.S. &Lamond, A.1. (1991). Site-directed ribose methylation
identifies 2' -OH groups in polyadenylation substrates critical
for AAUAAA recognition and poly(A) addition. Cell, 65,
125-133

Carmo-Fonseca, M., Pepperkok, R., Sproat, B.S., Ansorge,
W., Swanson, M.S. &Lamond, A.1. (1991). In vivo detection
of snRNP-rich organelles in the nuclei of mammalian cells.
EMBO J., 10, 1863-1873

Lamm, G.M., Blencowe, B.J., Soroat, B.S., Iribarren, A.M.,
Ryder, U. &Lamond, A.1. (1991). Antisense probes contain-
ing 2-aminoadenosine allow efficient depletion of U5 snRNP
from HeLa splicing extracts. Nucl. Acids Res., 19, 3193-
3198

Sproat, B.S., Iribarren, A., Beijer, B., Pieles, U. & Lam-
ond, A.1. (1991). 2'-0-Alkyloligoribonucleotides: Synthesis
and applications in studying RNA splicing. Nucleosides &

10, 25-36

Sproat, B.S., Iribarren, A.M., Guimil Garcia, R. & Beijer,
B. (1991). New synthetic routes to synthons suitable for
2'-0-allyloligoribonucleotide assembly. Nucl. Acids Res., 19,
733-738



Sproat, B.S. & Lamond, A.1. (1991). 2'-O-Methyloligo-ribo-
nucleotides: Synthesis and applications. In: Oligonucle-
otides and analogues: A practical approach: Ed. Eckstein,
F.; IRL Press at Oxford University Press, Oxford, New York
and Tokyo, pp. 49-86
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O-Alkyloligoribonucleotides, synthesis and applications in
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Patent applied for in 1991

Sproat, B.S., Lamond, A.1. & Paolella, G. Synthetic catalytic
oligonucleotide structures. German patent application num-
ber P 41 20 406.9.
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The protein and peptide service unit

Head of Unit: R. Kellner

Scientist: D. Nalis

Assistants: T. Houthaeve, R. Jacob

Protein characterization

The primary structure of proteins can be investigated by
the use of techniques like amino-acid analysis, sequence
analysis (Edman degradation), and mass analysis (Plate
57). As a core facility at the EMBL we started with the first
two of these techniques last year, and mass analysis will be
established in 1992. Together with peptide synthesis there
is now an efficient protein and peptide service available for
scientists at the EMBL.

Within the first year of operation we learned a lot about the
special needs and difficulties of service activities inherent to
protein chemical characterization methods. Sample amount
and purity are the main critical points determining the suc-
cess of analysis. We discussed together with the users the
requirements for a good quality sample and tried to give ex-
perimental and theoretical help in optimizing the final purifi-
cation step. Whenever possible, generalized protocols and
parameters were summarized in single application sheets
available to interested users.

Crystal Structure

Homogeneity

Charge

Fragmentation

Peptide mapping

Isoelectric Focusing

Gel Electrophoresis

PROTEIN
CHARACTERIZATION

X-ray Crystallography

Optical Spectroscopy

2-D NMR

Conformation

Solution Structure

Mass Analysis

Molecular Mass

Detection and Localisation
of Post-translational

Modification

Sequence Analysis

Primary Structure

Amino-Acid Analysis

Composition, Concentration

PLATE 57
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PLATE 58

Sequence analysis of a 100 kDa protein.

A. 50 pmol protein blotted onto PVDF membrane were enzy-
matically digested using trypsin. The internal fragments were
separated by microbore reverse phase HPLC and the UV
trace was detected at A=214 nm (- tryptic protein digest;
- - - blank digest). The marked peak (in circle) was applied to
automated Edman degradation.

B. Multiple overlay for PTH amino-acid analysis showing the raw
data chromatograms. The PTH amino-acids were detected in
the range of 5-1 pmol (A=269 nm); the amino-acid sequence
for the fragment (QLTGPERA) together with some background
contamination and artefact peaks are shown.

6.0 12.0 15.0 18.0 21.0 24.0 min

During 1991 major efforts were various chemical and enzy-
matical digests of proteins, isolation of the resulting pep-
tides by reversed phase HPLC and sequencing internal
fragments. The best results were achieved by digests of
proteins directly within the polyacrylamide matrix after their
one-dimensional or two-dimensional gel electrophoretic sep-
aration. The fragments were then eluted out of the gel
matrix and separated by HPLC. This is a useful alternative
to the electrotransfer of a protein onto a polyvinylidene
difluoride (PVDF) membrane prior to digestion, particularly
when minute amounts of sample must be handled. Sample

loss and background contamination are the major difficulties
encountered when working in the low picomole range. For
isolation of protein fragments we miniaturized the HPLC
separation step for a routine use of columns down to 1.6 mm
ID. As a result, the concentrating step of the eluate is no
longer required and the sample can be applied directly onto
the sequencer.

Plate 58 shows the results on a 100 kDa protein which
was first separated on SDS-PAGE and electro-blotted onto
PVDF. A small aliquot of membrane was used to deter-
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mine the amount of protein, and the following trypsin in
situ-digest was performed with a 50 pmol sample. Recovery
of fragments from the membrane, HPLC separation and
automated Edman degradation yielded for the marked frag-
ment (see marked fragment in Plate 58A) an amino-acid
sequence with an intensity of 5 pmol PTH amino-acid in
the first few degradation cycles (Plate 58B). Several new as
well as already known proteins were analysed in this way.
Six projects characterizing unknown proteins are under way.
The amino-acid sequences are used for oligonucleotide
synthesis to find clones containing the structural genes.

A great number of. sequencing runs were done for protein
analysis, e.g. checking N-termini of crystallized samples,
or confirming the correct protein fraction out of a complex
mixture. These routine applications yielded important infor-
mation about the on-going work, and sometimes saved time
and effort. Our experience suggests the importance of such
verifications.

Protein modifications like the localization of cystine bridges
and phosphorylation sites are of increasing interest for char-
acterization and functional studies. Results were obtained
by the combination of sequence and amino-acid analysis,
e.g. in protein folding experiments and identification of phos-
phorylation sites. Due to the long time necessary for these
experiments only a few analyses could be done. For these
applications mass spectrometry will become an important
additional tool.

Major goals for the next period will be to increase the service
capacity, to speed up the analyses and minimize waiting
time. The service will be expanded and for this purpose an
additional sequencer and other equipment will be installed.
Furthermore, the improvement of sample preparation tech-
niques, particularly for microsequencing, is a continuous
process. Nevertheless, even at this stage every protein is
still handled individually and the protein service must remain
flexible in the applied techniques.

Peptide synthesis

The automated multiple peptide synthesizer developed at
the EMBL and commercially available (from Abimed) now
allows the production of a large number of peptides on
various syntheses scales (5-50 J.Lmol), thus offering new
applications (e.g. epitope mapping). Together with the ABI
431 A peptide synthesizer a total of 260 peptides were
synthesized and delivered during the year.

To detect when the difficult couplings occur during peptide
chain assembly, a monitoring system has been developed
on the ABI 431 A peptide synthesizer. At each cycle, the
release rate of the Fmoe amino-terminal protecting group
is recorded by passing the four piperidine deprotection
solutions through a UV cell. It was found that when a slow
deprotection occurs the following amino-acid coupling is

160

incomplete as confirmed by monitoring with the quantitative
ninhydrin test. At this stage the difficult couplings can only
be detected and further developments are needed to reach
quantitative coupling.

Together with the EMBL electronic workshop, we are now
developing a fully automated semi-preparative HPLC sepa-
ration system. The aim is to increase the number of purified
peptides delivered.

Besides the service activity and the instrumentation de-
velopment several collaborative projects were carried out
with other EMBL groups. LFB1 and LFB3 are two related
homeoproteins involved in the regulation of the transcription
of several liver genes. Both proteins bind to DNA as dimers
and the domain responsible for dimerization has been iden-
tified as the 32 N-terminal residues of both sequences,
a reminiscent leucine zipper domain. These two peptides
were synthesized adding a C-terminal -Gly-Gly-Cys-NH2
linker which was used to bind covalently the two peptides
chains with a disulfide bridge. The two homodimers and
the heterodimer have been analysed by NMR for secondary
structure determination (with the group of Annalisa Pastore).

Several dipeptides were synthesized by solution peptide
synthesis methods to test a model for the carboxypeptidase-
N catalytic action. A specific inhibitor N-benzoylglycyl-L-
leucine was designed and has proven to work as expected.
To make sure that the model is correct, several similar but
non-functional N-blocked dipeptides were also produced.
These dipeptides did not inhibit carboxypeptidase-N activity
which is in agreement with the predictions (with the group
of Chris Sander &Gert Vriend).

The synthesis of a peptide on an 8-branched polylysine
core forms a multiple antigenic peptide (MAP) system. After
deprotection and cleavage it may be used as an antigenic
macromolecule, thus avoiding the need for conjugation to
a large carrier protein. Several MAPs were produced for
researchers who requested them for their studies (with the
groups of Sara Courtneidge, Angus Lamond & Rolf Zeller).

Cyclic hexapeptide 008, cyclo(-D-Pro-Phe-Thr-Lys(Z)-Trp-
Phe-), is a selective inhibitor of trypanosomal triosephos-
phase isomerase (TIM) for which the mode of binding is
not known. The synthesis of six cyclic hexapeptide 008
derivatives with an alanine substituted at each amino-acid
position is in progress. This sy3tematic screening should
point out the importance of the different amino-acids in the
enzyme binding (with Rik Wierenga's group).

Publication during the year

Kellner, R., Jung, G. & Sahl, H.G. (1991). Structure eluci-
dation of the tricyclic lantibiotic Pep5 containing 8 positively
charged amino-acids. In Hisin and Novel Antibodies: eds.
Jung, G. & Sahl, H.G.; Escom, Leiden, pp. 141-159
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Computer group

Group leader: R. Omond

Scientists &Assistants: D. Fedronic, B. Kunkel*, P. Rice, E. Schechinger, W. Winkler

It is the Computer Group's responsibility to maintain and run
the main computing facilities at the EMBL. These facilities
can be viewed as three separate "domains" namely the VAX-
cluster, the Unix workstation environment, and the Apple
Macintosh personal computer network. Over and above this,
the EMBL's network connection to the outside world is also
within the services provided by the Computer Group.

Network connectivity

The area in which most of the important developments
took place in 1991 was that of the world-wide computer
networks to the EMBL. As indicated in last year's report, the
EMBL finally withdrew from the EARN (European Academic
Research Network) and Bitnet at the end of the year. It
is estimated that the EMBL will save OM 21 ,000 per year
through this move. We would, however, like to add that
the EMBL's membership of EARN since 1985 has been
well worth while, giving many scientists their first taste of
the attractiveness of truly world-wide collaborations. Now
the EMBL's only connection to the outside world is on the
Internet, easily the biggest and most important research
network in the world. Recent estimates have put the number
of computer nodes on the Internet at more than 500,000
(compared to ca. 3,500 on EARN/Bitnet).

Internet

The initial experiences with our Internet connection have
shown that it is imperative to have as high a speed band-
width as possible. The existing line running at 9,600 baud
was upgraded to one running at 64,000 baud at the be-
ginning of the year. While this has brought a substantial
increase in the throughput we can support, it is still, nev-
ertheless, sadly not sufficient to provide all of the services
we envisaged we would like to provide. The reasons for
this are due to the fact that the situation in "high" speed
research networking in Europe is in a state of turmoil. Indeed
it is especially sad to note that certain European initiatives
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talk of 64,000 baud as being "high" speed, while similar
efforts in the United States of America are already planning
the Gigabit network (1 thousand million bits per second).
In addition, the European efforts seem to be very much
oriented towards using the X.25 packet-switching networks;
in our experience, it is not possible to achieve very high data
rates running Internet protocols over X.25.

Despite the less-than-optimal situation, the EMBL's connec-
tion to the Internet must be regarded as absolutely essential
for many scientific collaborations. We are currently process-
ing some 1,000 e-mail messages per day, though it should
be pointed out that most of this number are results of the
Network File Server and FASTA e-mail services described
below.

Network file server (Netserv) and
FASTA e-mail service

In collaboration with the EMBL Data Library, the Computer
Group offers the facility for scientists with almost any con-
ceivable network connection to retrieve entries from the
EMBL Nucleotide Sequence Library, including the most
up-to-date entries, in addition to the numerous other im-
portant data collections maintained by the Data Library (see
research contribution from that group). The File Server is
now servicing over 3,000 requests per month from all over
the world.

The FASTA service is proving to be very popular with some
30 searches being submitted per day. On occasions, the
service has been embarrassingly popular to the extent that
the existing computer capacity has been insufficient to allow
even a same-day turnround, since these jobs are processed
at a lower priority than EMBL internal users' jobs. The less
compute-intensive Quicksearch service has, unfortunately,
not been as popular as hoped. It is planned to offload part
of this service onto faster RISC-based workstations in the
coming year; the end users, be they internal or external, will
be unaware of where the computations actually take place.



Developments of the VAX/VMS environment

The EMBL has been running VAX/VMS systems since 1981.
Many of the machines purchased since then are begin-
ning to become non cost-effective. The annual expenditure
for maintenance on some of these machines dictates the
necessity of withdrawing the more expensive ones from
maintenance, and perhaps replacing these with more mod-
ern (and usually smaller) counterparts. To this end, the
VAX 8650, now more than 6 years old, was taken out of
maintenance at the end of the year. As a replacement, a
VAX 4000 model 200 was purchased, and this machine has
almost the same processing capacity as the VAX 8650. In
association with this step, the EMBL Data Library, which
used to use the VAX 8650 as its system to run the Oracle
relational database system, purchased a small microVAX
3100 with the resultant vast reduction in software licence
for the Oracle product. We are well pleased with this down-
grading exercise, and we expect this direction to continue
in 1992.

The present configuration of the VAXcluster consists now
of:

VAX 6000-420 (with 2 vector processors),
VAX 4000 model 200,
VAX 8650,
the now 10-year old VAX 11/785 (though formally re-
tired),
a VAXserver 3500,
four VAXstation 3200's,
seven VAXstation 3100's,
eight VAXstation 2000's,
three microVAX-II's, and
the abovementioned microVAX 3100.

The number of registered users is now above 650.

Major developments of the
Unix workstation environment

In keeping with the current trend throughout the research
community, the area where most new purchases and de-
velopments are taking place was in the Unix workstation
environment. There is now a very active number of users
involved in software development using a variety of these
workstations. A small group of users is also using these
machines as the main provider. of computer power, and
experience is that throughput for the only user on a work-
station is much better than the throughput one would obtain
on the larger VAX machines when shared with many other
users.

We are now supporting more than 20 workstations from the
following manufacturers: Sun Microsystems, DEC, Silicon
Graphics, Evans &Sutherland, Stardent. As indicated in pre-
vious reports, there is a very definite management overhead
in running such a heterogeneous set of Unix systems. There
is, however, the hope that in the near future the situation will
ease with the introduction of OSF/1 and System V release 4.

The Apple Macintosh personal
computer environment

Many of the Apple Macintosh personal computers were
purchased in 1986. This year there has been a move to
replace the older systems with the new LC (Low Cost)
Macintosh, giving a much higher performance at a much
lower price. It is estimated that there are now more than
200 machines distributed throughout the EMBL. It is always
very encouraging to note the scientists' acceptance of, and
in some cases, dependence on, these computers. The
Macintosh has become an integral part of the equipment
one would expect to find in the biologist's repertoire.

GCGEMBL sequence analysis software

New programs in the GCG package supplement this year
included PRETTYPLOT to produce a boxed sequence align-
ment from a set of aligned sequences, ANTIGENIC to pre-
dict antigenic peptide regions, and PLOTALIGN to display
conserved properties of residues in a protein sequence
alignment. The programs were submitted to GCG earlier
this year, and are now distributed with the package as
"unsupported programs" to all GCG users in addition to
being available through the EMBL network file server.

A further program, NEWFEAT, was written for internal use
to assist the annotation staff in the EMBL Data Library to
create and maintain feature table entries in the nucleotide
sequence database. This program will be further developed
to improve the efficiency of annotation, and will be modified
to produce a tool for biologists to explore the feature table
in more detail.

Escherichia coli database

In collaboration with Manfred Kroger (Justus-Liebig Univer-
sity, Giessen), the E.coli database of known sequence data
has been maintained and improved. The database now
contains over 35% of the total sequence of the E.coli chro-
mosome. An analysis of the sequences in this database was
used in collaboration with Hans Fritz (University of Gottin-
gen) to demonstrate the effect of the VSR repair system on
the distribution of specific 4-mer and 5-mer sequences in
the E.coli genome. Future plans for this database include
the integration of the complete E.coli genetic map, and an
annotated genomic sequence database.

Publications during the year

Gibson, T.J., Sibbald, P.R. & Rice, P. (1991). Rop/Helix-
loop-helix similarity. DNA Sequence, 1, 213-215

Kroger, M., Wahl, R. &Rice, P. (1991). Compilation of DNA
sequences of Escherichia coli (update 1991). Nucl. Acids.
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Increased data throughput has been the most striking de-
velopment in the Data Library in 1991. New hardware, soft-
ware developments and refined data processing procedures
meant that at the end of 1991 we were entering data into
the nucleotide sequence database three times faster than
at the start of the year.

We also saw the first data from major genome sequencing
projects entering the database and began to face up to the
challenges that this poses.
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Nucleotide sequence database growth

The data collections

The kinds of data available from EMBL continued to expand
with the following databases now being distributed:

Nucleotide sequence data - The nucleotide sequence
database grew by about 50% in 1991 to over 75 million
base pairs. This growth is summarised in Plate 59.

Protein sequence data - The SWISS-PROT protein se-
quence grew by about 1.5 million amino-acids to a total of
7.5 million in the course of the year. Improved methods of
annotating new proteins by analogy to existing entries in the
database enabled us to handle this increase without any
major increment in resources. Improvements in the repre-
sentation of immunoglobulin sequences are expected as a
result of a new collaboration with Elvin Kabat of Columbia
University, developer of the ImmLJnoglobulin Database.

EPD, eukaryotic promoter database This is a database
of pointers to eukaryotic promoters in the EMBL database
with additional biological information about these promoters.
EPO is maintained by Philipp Bucher of Lausanne.

ECD, the E.coli database - ECO is a collection of E.coli
gene sequence data with information about map locations
and overlaps in reported sequences, thus allowing the as-
sembly of contigs. ECO is maintained in collaboration with
Manfred Kroger, Giessen and Peter Rice from the EMBL
Computer Group.

PROSITE protein pattern database - This database lists
amino-acid sequence patterns characteristic of certain pro-
tein families along with additional data on the significance
of these patterns and cross-references to SWISS-PROT. It
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is maintained by Amos Bairoch at the University of Geneva
and distributed by the EMBL Data Library.

ENZYME database - Amos Bairoch's ENZYME database
contains information about enzymes, including E.C. num-
bers, official names, catalyzed reactions and cross-
references to SWISS-PROT.

REBASE, restriction enzyme database - REBASE lists
restriction enzymes with their recognition sequence and the
commercial suppliers. It is maintained by Rich Roberts of
Cold Spring Harbor Laboratory.

Brookhaven protein structure database - Entries from
the Brookhaven protein structure database are available
from the file server.

TFD, transcription factor database - The TFD transcrip-
tion factor database is maintained by David Ghosh at NCBI.
It contains information on transcription factors, their genes
and target sites and cross-references to SWISS-PROT and
EMBL.

FLYBASE - This is a Drosophila genetic map database
maintained by Michael Ashburner, Cambridge UK. It is a col-
lection of pointers to Drosophila sequences with associated
bibliographic information, genetic map data, gene names
and synonyms.

MUltiple DNA sequence alignments and consensus se-
quences - Via our fileserver we make available multiple
DNA sequence alignments and DNA consensus sequences
which cannot easily be integrated into the EMBL database.
The Data Library accepts such data and assigns accession
numbers to them.

Listing of molecular biology databases - LiMB contains
detailed information on the different molecular biological
databases available. It is maintained by the Los Alamos
National Laboratory.

Sequence analysis bibliography - A listing of articles
which deal with sequence analysis and bioinformatics. It is
maintained by Amos Bairoch, Geneva.

Codon usage tables - Several codon usage tables, in a
format suitable for the GCG software package, are available
from the file server.

tRNA database - tRNA sequences and tRNA gene se-
quences (Sprinzl and Gauss).

Alu database - Alu sequences and alignments (Smith and
Jurka).

The haemophilia B database - This is a database of
mutations occurring in haemophilia B patients provided by
Gordon Brownlee, University of Oxford.

Small RNA sequences - provided by Ram Reddy, Baylor
College of Medicine, is available.
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Data management

During 1991 major investments in hardware for the Data
Library included the purchase of a MicroVAX 3100 as a
database server and six DECstation 2100 RISC worksta-
tions. This resulted in huge savings on software licenses
and made available the better user interfaces possible with
the workstations. This, with software developments using
a new version of ORACLE, resulted in substantial produc-
tivity improvements. Porting of our major applications to a
client/server environment based on workstations and the
MicroVAX during 1992 should give even better performance.

Data distribution

Quarterly releases of the databases continue to be dis-
tributed on magnetic tape and CD-ROM. CD-ROM has
now comfortably overtaken magnetic tape as the dis-
tribution medium of choice, and the number of cus-
tomers continues to increase. During 1991 some new in-
dices were added to allow user software to efficiently
access the databases on the CD-ROM. A collaboration
with Oxford University Press resulted in several additional
databases described in the Nucleic Acids Research 1991
Sequence Supplement being distributed on the EMBL CD-
ROM.

Fileserver

The EMBL file server continued to be popular, with requests
for SWISS-PROT sequences and Brookhaven structural
data increasing dramatically and, of course, the constant
flood of requests for latest nucleotide sequences and the
free molecular biological software. More than 170 programs
are now available.

The Mail-Fasta database searching service is in increas-
ing demand, with an average of more than 30 searches
per day. Unfortunately the less computationally-intensive
Quicksearch service has not proven as popular and it will
probably be replaced by the equally efficient and more
widely accepted BLAST algorithm.

A useful by-product of rapid availability of the data is that we
receive more feedback and input from researchers who will,
for example, notify us if journal publications contain data we
have not yet released.

EMBnet

EMBnet continued to flourish with the 15 nodes receiving
daily updates. The annual meeting in Crete in May produced
much useful technical discussion as well as establishing
the principles for utilising the funding now available under
the EC's BRIDGE programme. Projects to be funded so
far include: research on new protocols for daily updates,
meetings to discuss computer conferencing and network
software licenses.



Data from genome projects

In 1991, the Data Library incorporated the first data from
major genome sequencing projects. Both the European
yeast chromosome III and the British C.elegans sequencing
projects submitted data in the course of the year. The
importance of genome project data is well recognised, and
to improve the communication between genome initatives
and the public databases, a workshop was organised with
representatives from several European genome projects to
discuss specific problems of data exchange and represen-
tation. Procedures were developed to allow the automatic
incorporation of data from such projects into our database.
Future such consensus meetings with broader perspectives
are planned.

Sequence data in patents

Persistent discussion with the European Patent Office (EPa)
into ways in which sequence data included within patent
applications can be rendered public seems to have borne
fruit. It is hoped that in early 1992 a contract can be finalised
whereby the EPa will provide the financial resources for the
database work to be carried out at EMBL. The backlog of
sequence data should be made publicly available via the
usual means during the coming year.

Patent applications with their first priority in the USA will be
processed by the NCBI, with whom data will be exchanged.

International collaborations

The international collaboration with the GenBank and DNA
Database of Japan (DDBJ) groups and daily data exchange
between these groups continued, with the annual collabora-
tive working meeting being held in Heidelberg in June 1991.
The main topics of the meeting were the new feature table
(which has now been implemented at all sites) and more
detailed aspects of common annotation conventions.

In 1991 there was a major restructuring of DDBJ and also
the National Centre for Biotechnology Information (NCBI)
in the USA became increasingly involved in the nucleotide
sequence database effort. These international changes re-
sulted in much work on redefining collaborative procedures.

From October 1992 NCBI will manage the GenBank project.
With this in mind we did much in 1991 to solidify the collab-
orative links with NCBI, both through a formal agreement
of collaborative intent between the two organisations, and
through informal interactions. Three of the EMBL staff paid
extended visits to NCBI in the course of the year to discuss
practical aspects of the collaboration.

Developments from these initiatives include:

Work on a data exchange mechanism based on the
OSI ASN.1 data definition language;
A re-appraisal of the degree to which (and the way
in which) we provide additional annotation over and
above that supplied by authors;

A closer relationship between the nucleotide and pro-
tein sequence databases.

The collaboration with MIPS, the European partner in the
PIR international protein sequence database, continued.
EMBL forwards protein coding nucleotide sequences to
MIPS and the protein and nucleotide sequence databases
pursue a co-ordinated data submission policy.

GOB, the genome data base

In view of the importance of good links to mapping infor-
mation, we reinforced our collaboration with the Genome
Data Base from Johns Hopkins University. A week-long
course on the use of GOB was offered in collaboration
with staff from CEPH in Paris, the DKFZ from Heidelberg
and the IMP in Vienna and Johns Hopkins and Utah in the
USA. It was well received and we hope to expand it next
year.

Sequence analysis research

Rapid sequence comparison

The EMBLSCAN tool which was developed in 1990 to
rapidly locate database entries similar to a new sequence
was enhanced for distribution on our CD-ROM as well as
being incorporated into the normal production procedures
of the Data Library. This helps to match published se-
quences and submissions and avoid duplicate entries in the
database.

Multiple sequence alignments

Desmond Higgins' CLUSTAL multiple sequence alignment
program, which has become something of a world standard,
has been completely rewritten in the course of the year
by Higgins and Fuchs in collaboration with Alan Bleasby
(Daresbury, UK). A single, menu driven program called
CLUSTALV was produced which runs on a wide range of
computers ranging from Apple Macintoshes to IBM main-
frames. Many new features were added, including the ability
to align old alignments with each other and the calculation
of phylogenetic trees.

The tree in Plate 60 was calculated using CLUSTALV. This
is from Waters et al. (1991) and shows the relationships
between the ribosomal RNAs of six species of Plasmodium,
the organism that causes malaria. The tree is based on
genetic distances calculated from small-subunit ribosomal
RNA sequences. Bootstrap confidence limits are shown
under each grouping in the tree. The main conclusion from
the tree is that P. faIciparum , which is the most serious
cause of malaria in humans, is related to the species that
parasitise birds. This arose from a lateral transfer event,
where a parasite changed host between birds and hu-
mans.
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A phylogenetic tree of six Plasmodium species de-
rived from SSU rRNA sequences. Branch lengths
are proportional to estimated sequence divergen-
cies. Figures below each grouping show bootstrap
confidence limits from 1000 bootstrap samples.

= 5% divergence

Simultaneous database access The European Bioinformatics Institute

In 1991 Peter Sibbald joined the group as an indepen-
dent researcher. His first project is to explore using mul-
tiple databases simultaneously. "It is becoming clear that
databases are already and will become even more dis-
tributed. Updates to those databases are going to be more
frequent and the complexity of the data stored will grow.

This work has received support from the Digital Equipment
Corporation as part of their scientific innovators program
through the contribution of two DECStations 5100.

International advisory committee

The international advisory committee for nucleotide se-
quence databases met for the fourth time in March in
Washington. The discussion, which was generally support-
ive of the efforts of the databases, made recommendations
which:

stressed the importance of a unified view of the
EMBL/GenBanklDDBJ database.

The Data Library, even with its present range of services,
is rapidly outgrowing EMBL. It is widely recognised that
the group must take on more commitments in the areas
of research and development, user support and training.
It should also involve itself in Europe-wide collaboration
and co-ordination. With this in mind we have been col-
laborating with the EC to refine plans for a new Euro-
pean Bioinformatics Institute (EBI) to incorporate and ex-
tend the mandate of the EMBL Data Library. A number of
important steps forward in the planning of the European
Bioinformatics Institute took place in 1991. The Basel con-
sultancy firm Prognos completed a report which followed
on from the European Chemical Industries' CEFIC study
and focused on the structure of the Data Library and its
user community, particularly EMBnet. Major observations
were:

Sequence data banks are crucial to research and must
have long-term European-wide financing.

encouraged the tagging of database entries in ways
which rendered them citable.

Collaboration and are paramount issues
for European bioinformatics.

suggested that data of dubious quality (e.g., PCR gen-
erated) should be flagged as such.

There is a lack of coordination of bioinformatics in
Europe.

requested clarification of the relationships between the
existing databases and the new NCBI products.

The Data Library should be separated from the EMBL.

Support for the Data Library

The Data Library continues to be supported jointly by EMBL
and the EC, with the EC's BRIDGE programme providing
almost half the funding from March 1991.

The Prognos Report will provide background material
for the new EC-funded managerial study in which the
UK firm PA Consulting will look into the more detailed
planning of the EBI and develop an implementation
plan.
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Research on control of cell proliferation has made several
significant advances in recent years. Identification, purifica-
tion and cloning of growth factors, growth factor receptors
and the discovery of oncogenes have provided direct ev-
idence of the molecular and biochemical basis for control
of normal and neoplastic cell growth. Further knowledge of
the mechanism of action of these proteins has helped to
delineate a network of proteins that interact in stimulating
DNA synthesis. Studies of tumour suppressor genes and
genes involved in negative regulation of growth are now
providing the first evidence for biochemical interactions be-
tween proteins that stimulate growth and proteins that inhibit
cell proliferation.

Our group is studying specific events occurring in mam-
malian cells at growth arrest, senescence and terminal
differentiation with specific emphasis on growth inhibitory
factors, growth suppressor genes and other signals for
growth suppression.

By subtractive cDNA cloning from fibroblasts we identified
genes that are down-regulated when the cells are stimulated
to reenter the growth cycle. The expression of these growth
arrest specific (gas) genes is repressed by serum stimula-
tion or specific growth factors. We are continuing to establish
the structure and function of the gas genes and to ascertain
whether they have a role in controlling cell proliferation.

Together with Dr. Claudio Schneider's group at the ICGEB
in Trieste we have characterized the gas 6 gene both from
mouse and man. Although structurally similar to the bovine
and the human form of protein S in the coagulation system,
the gas 6 gene is a new soluble protein belonging to the
same family as protein S. When both murine and human
cells reach confluency large amounts of the protein are
secreted but in actively growing cells very little of the protein
is synthesized. The gas 6 is obviously expressed in several
tissues although the protein S is predominantly synthesized
in the liver.

The gas 3 gene which encodes a membrane protein with 4
membrane spanning regions, described last year, has since,
by two outside groups (Welcher et al., 1991; Spreyer et al.,
1991), been found to be strongly expressed in Schwann
cells in myelin sheets. On injury to the axons the Schwann
cells proximal to the injury continue to express gas 3 but
when the axon grows out into the distal myelin sheet over-
production of the gas 3 protein is regained.

The mouse and human gas 1 gene has been cloned as
full-length cDNA as well as from genomic libraries through
a collaboration between Trieste and Heidelberg. The gas
1 mRNA, which is transcriptionally down-regulated upon
serum stimulation, does not contain any introns. It codes
for a membrane protein accumulating at the cell surface
at growth arrest with rapid down-regulation during growth.
Experiments are now being performed to establish the tran-
scriptional control elements and the transcription factors
interacting with this model gene for growth arrest specific ex-
pression. Furthermore the gas 1 cDNA, when under control
of a promoter active in growing cells, seems to arrest growth
both in normal 3T3 cells as well as in 3T3 cells transformed
with the ras and the src oncogenes.

Within the Laboratory in Heidelberg the work on the gas
5 cDNA and its gene which is highly expressed in den-
sity inhibited Friend leukemia cells is continuing. The gene
gives rise to two mRNAs each encoding a protein of 39
to 41 amino-acids respectively but the messenger RNA
which is around 500 bases long is derived from 12 exons
in a 7 kb long genomic site. The two messenger RNAs
are generated by differential splicing leaving out one of
the exons in the smaller form of the mRNA. The pro-
tein encoded in full-length cDNAs can be identified as a
8 kDa polypeptide in in vitro transcription-translation sys-
tems. In vivo, however, the protein product has escaped
detection. With help of specific peptide antibodies we are
currently attempting to characterize the in vivo protein prod-
uct.
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The gas gene mRNAs are present only in arrested fibrob-
lastic cells but absent in arrested epithelial cells. Since
transforming growth factor TGF(3 is a potent inhibitor of cell
proliferation in epithelial cells but less effective in fibroblastic
cell-lines, new cDNA libraries have been prepared both from
arrested epithelial cells and from TGF(3 inhibited cells using
a procedure similar to the one that led to the identification of
the gas cDNAs from fibroblastic cells. A mink epithelial cell-
line, CCL64, was used for generating these cDNA libraries.
A novel clone was identified which is down-regulated by
TGF(3 or serum stimulation of arrested cells. It thus behaves
in epithelial cells like the gas genes in fibroblastic cell-lines.
The protein encoded by this clone, TI 1, appears to be
a membrane protein which is distantly related to several
glycoproteins expressed in haematopoietic and melanoma
cells. When actively growing cells are treated with TGF(3 the
TI 1 gene is upregulated. A report on the TI 1 cDNA was
published last year (Kallin et al., 1991).

Vincenzo Sorrentino and his collaborators in addition found
that a gene coding for a novel ryanodine receptor Ca2+
channel is strongly induced upon TGF(3 treatment. A report
on the ryanodine receptor is now being finalized, and work
is being pursued on determining its role in growing and
TGF(3-treated cells.

In collaboration with Drs. R. Geremia and P. Rossi at the
University of Rome, Vincenzo Sorrentino has also observed
expression of the c-kit receptor in germ cells. A novel
transcript encoding a truncated 'form of the c-kit receptor
has been cloned. Furthermore a developmentally regulated
expression of the c-kit ligand (KI) has been observed in the
Sertoli cells (Sorrentino et al., 1991). The role of the c-kit
receptor and of the transmembrane form of the KI ligand
in mediating cell to cell interaction between germ cells and
Sertoli cells in normal and SI+/Sld mice has been analysed.

Our studies on the helix-loop-helix transcription factors and
their role in inhibition of DNA synthesis and induction of
differentiation have been continued. Both by transfection
and microinjection experiments we have established that
E12, E47 and the MyoD1 genes can inhibit cell growth
and the inhibition of cell growth is thus not linked to muscle
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differentiation. Furthermore the Id genes whose product can
form heterodimers which other HLH proteins can counteract
the cell growth inhibition suggesting that the basic region
in the HLH protein has an important role in the inhibition
of DNA synthesis. Several mutants in this region have
demonstrated that the basic region may not be required
for inhibition of DNA synthesis as well as growth inhibition.
Since the Id genes are induced upon growth stimulation
it is tempting to propose that a gene similar to the HLH
transcription factors can control growth arrest. Of special
interest is, of course, if the gene product from these genes
could interact with the promoter of the gas 1 gene and
induce its expression at growth arrest.

By studying terminal differentiation and growth arrest as well
as senescence in vitro it might be possible to clarify some
of the mechanisms governing growth arrest in adult tissues.
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Cell biology of exo and endocytosis

Group leader: J. Tooze

Scientist: S.A. Tooze

Fellow: F. Barr*

Visitors: H. Kern, A. Leyte*, A. Dittier*, N. Pollock*, G. Strathdee*

Assistants: M. Hollinshead, R. Jelinek*

Our group is studying aspects of the regulated exocytic
pathway in PC12 and AtT20 neuroendocrine cells and in
exocrine pancreatic cells. We are also characterising an
early endocytic compartment in a variety of stable cell-lines
including PC12 and AtT20; there is increasing evidence
that the late exocytic and early endocytic pathways are
more closely inter-related than previously credited. Since
the group is a small one we collaborate with other groups in
EMBL and elsewhere. Part of the work on the regulated
exocytic pathway in PC12 cells is done in collaboration
with the group of Wieland B. Huttner, which, in October
1991, moved from EMBL to the Neurobiology Institute,
University of Heidelberg. Anja Leyte, a postdoctoral fellow,
and Francis Barr, a predoctoral fellow, both in Huttner's
group, will remain at EMBL in our laboratory to complete
work in collaboration with Sharon Tooze. The work on
regulated exocytosis in exocrine pancreas is done in col-
laboration with Professor Horst Kern and his colleagues
of the University of Marburg; the work on the early endo-
cytic pathway is in collaboration with Bernard Hoflack at
EMBL.

Cell free systems to study regulated exocytosis

One major interest of the group is the formation and mat-
uration of dense-cored secretory granules, studied using
the neuroendocrine cell-line PC12. The PC12 cell has two
primary pathways of secretion: a constitutive pathway, which
is common to all other cell types, and a regulated path-
way, which is only present in specialized cells such as
neuroendocrine, endocrine and exocrine cells. A hallmark
of the regulated secretory pathway is the dense-cored se-
cretory granule, which functions to store regulated secre-
tory proteins within the cell until their release is triggered
by an external stimulus. The secretory granules fuse with
the plasma membrane and release their content into the
extracellular fluid. It has been shown that aggregates of

regulated secretory proteins, which form the dense-core of
the secretory granules, are found within the lumen of the
trans-Golgi network (TGN). The TGN is also the site at
which the constitutive and regulated pathways diverge, and
sorting occurs.

Cell-free formation of secretory
granules and constitutive vesicles
(F. Barr, A. Leyte &S.A. Tooze)

In collaboration with Wieland Huttner (Heidelberg), we have
continued to study the formation of immature secretory
granules (ISG), and constitutive secretory vesicles (CSV),
using a cell-free system (see Tooze & Huttner, 1990)
which reconstitutes the formation of both classes of vesi-
cles from the TGN. Previous work demonstrated that the
formation of both the ISG and CSV was inhibited by non-
hydrolysable analogues of GTP, for example GTP--yS (see
Tooze et al., 1990), suggesting that GTP-binding proteins
are involved in the budding of these vesicles from the
TGN. Recently, this inhibition was shown to be a result
of the activation of an inhibitory heterotrimeric G-protein
by GTP--yS (Barr et al., 1991). This finding implies a new
role for the heterotrimeric G-protein family in the regula-
tion of budding of vesicles from sub-cellular compartments.
This work is continuing with the aims of further charac-
terising the G-protein involved and dissecting the mech-
anisms by which this protein may regulate vesicle forma-
tion.

The maturation of secretory granules, and
development of a cell-free system to study
this event (S.A. Tooze & R. Jelinek)

From morphological studies it is clear that the ISG that buds
from the TGN contains a dense-core aggregate. However,
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the question remains, is this newly-formed secretory granule
equivalent to the secretory granule, referred to as a mature
secretory granule (MSG), that can respond to an external
stimulus? To address this question the newly formed se-
cretory granules, the ISGs, were biochemically identified,
and several of their properties were studied in comparison
to the MSGs. In collaboration with W. Huttner (Heidelberg)
and T. Flatmark (Bergen, Norway) we determined that first,
the ISG (approx. core diameter 80 nm) is smaller than the
MSG (approx. core diameter 120 nm), and secondly, the
ISG undergoes a maturation with a t1/2 of min into
the MSG. This maturation process we believe entails fusion
of four ISGs to yield the MSGs. We have also shown that
the ISG fuses with the plasma membrane upon stimulation,
and this fusion requires the presence of intact microtubules
(Tooze et a/., 1991).
These results have several implications for the biogenesis
of secretory granules from the TGN. First, the ISG appears
to have all the components necessary to fuse with the
plasma membrane when it is close to it. This means that
in cells such as neurons, where the distance from the TGN
to the site of release is large, the regulation of the release
is only spatial. Secondly, if the ISG can undergo fusion
with other ISG before fusion with the plasma membrane,
there must be a mechanism to regulate, and differentiate,
the two fusion partners of the ISG, Le. the ISG and the
plasma membrane. After fusion of ISG with ISG, there must
also· be retrevial of excess membrane from the ISGs. This
recycling may allow the return of components required for
further rounds of budding of ISGs back to the TGN. The
questions we are now addressing are directed towards
dissecting this step in the biogenesis of secretory granules.
To allow for maximum flexibility and manipulation of the
components involved in the fusion and maturation process
we are attempting to reconstitute this process in a cell-free
system.

Regulated secretion of a lysosomal enzyme
(J. Tooze, M. Hollinshead, H. Kern & B. Hoflack)

The lysosomal cysteine protease cathepsin B is synthesised
as a proenzyme which is translocated into the lumen of
the endoplasmic reticulum (ER). It traverses the exocytic
pathway until it reaches the trans-Golgi network. There it
binds to mannose-6-phosphate receptor and is diverted out
of the exocytic pathway and delivered to prelysosomes and
Iysosomes.

In collaboration with H. Kern (Marburg) and B. Hoflack
(EMBL) we have shown, by cytochemical and biochemical
methods using an antibody specific for rat liver cathepsin
B and a dipeptide ligand that covalently binds to the active
site of the two mature forms of the enzyme, that cathepsin
B is present in the zymogen granules of fretaI and adult rat
exocrine pancreas. We were also able to detect cathepsin
B in rat pancreatic juice obtained by canaliculation of the
pancreatic duct.

These results (J. Tooze et a/., 1991) have implications
for models of the sorting of secretory proteins in cells
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with both constitutive and regulated exocytic. pathways. We
propose that in exocrine pancreas, in which over 90% of
all proteins synthesised are destined to be secreted in
zymogen granules across the apical plasma membrane,
any soluble proteins which fail to be targeted to specific
destinations or fail to be retained as resident proteins of
specific organelles will be secreted via zymogen granules.
In exocrine pancreatic cells the default exocytic pathway
appears also to be a regulated pathway.

Acceleration of a synchronous enzyme
transport in rat exocrine pancreas
(J. Tooze, H. Kern & M. Hollinshead)

We contributed immunocytochemical data to a study of the
rates of secretion of individual pancreatic enzymes and
proenzymes in rat exocrine pancreas from animals stimu-
lated in vivo for 24 hours with caerulein. Such stimulation in-
creases 5-fold the rate of secretion. The individual enzymes
had half times of secretion ranging from 34 mins to 190 mins
(Vasiloudes et a/., 1991).

Tubular early endosomes
(J. Tooze & M. Hollinshead)

Using high specific activity horse radish peroxidase at a
relatively high concentration (10 mg/ml) as a tracer of fluid
phase endocytosis we have visualized in over ten cell-lines
a novel early endocytic compartment, tubular endosomes
(Tooze &Hollinshead, 1991). Tubular endosomes are about
50 nm in diameter but J-lm in length; they often branch
repeatedly to form patches of network most of which is
located at the cell periphery but some is invariably seen
around the centrioles (Plate 61).

Tubular endosomes are morphologically distinct from con-
ventional early endosomes which are, of course, also
present in the cell-lines we studied. The following prop-
erties of tubular endosomes indicated that they are part
of the early endosomal system: they receive horse radish
peroxidase (HRP) with 5 min; loading and unloading with
HRP is not dependent on microtubules and occurs at 20°C;
HRP chases out completely from tubular endosomes in
a 30 min chase; tubular endosomes contain transferrin
receptor; in cells blocked in mitosis HRP does not chase
from tubular endosomes. In acdition we know that the
tubular shape of these endosomes is not dependent on
actin filaments, cytokeratins or microtubules. In AtT20 and
PC12 cells tubular endosome membrane contains synapto-
physin as well as transferrin receptor. Sequentially added
endocytic tracers mix in tubular endosomes which must,
therefore, be a stable compartment. Tubular endosomes are
induced to fuse together by Brefeldin A. We believe that
tubular endosomes are involved in endocytic recycling to
the plasma membrane and may serve as an intracellular
storage site for plasma membrane proteins. If the latter
point can be experimentally verified tubular endosomes can
be regarded as an exocytic organelle. The recycling of
endocytosed molecules is, of course, formally speaking, an
exocytic event.



PLATE 61

Tubular endosomes in AtT20 cells.

(A) shows tubular endosomes labelled with HRP around a centriole
(arrow head) in an AtT20 cell.

(8) shows that treatment with 8refeldin A enhances the pericentri-
olar accumulation of tubular endosomes.

The arrow head indicates a centriole.
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Experimental elucidation of protein folding pathways

Group leader: T. Creighton

Scientists: N. Darby*, J. Kemmink*

Fellows: C. Bagley*, J. Ewbank, A. Sheikh*, A. Zapun*

Assistants: L. Cooper*, M. van Straaten*

The primary goal is to elucidate the basic principles of
protein structure, in particular the physical basis for the
stability of the folded state and how that state is attained
by folding of the polypeptide chain during and after its
biosynthesis.

The BPTI folding pathway

The protein folding pathway that is known in greatest detail
is that of bovine pancreatic trypsin inhibitor (BPTI) (Plate
62). It was elucidated by trapping the intermediates that
accumulate kinetically during unfolding and refolding, using
the unique properties of the interaction between pairs of Cys

residues to form a disulphide bond. The intermediates with
incomplete numbers of disulphide bonds, or with non-native
disulphides, are thermodynamically unstable during folding,
but they could be trapped in a stable form by blocking
covalently all free thiol groups. Such trapped intermediates
are suitable for structural analysis, and their conformations
should provide information to explain why the particular
folding pathway is followed. The trapped intermediates,
however, have the disadvantage of having bulky and ionized
blocking groups on the cysteine residues not involved in
disulphides. To avoid this problem, we prepared analogues
of the intermediates by genetic engineering, replacing the
Cys residues not involved in disulphide bonds by Ser.
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PLATE 62

The disulphide pathway of unfolding and refolding of BPTI. The
fully reduced protein is depicted as R, the other species by
the residue numbers of the Cys residues paired in disulphide
bonds that they contain. Species that tend to adopt the totally
native-like conformation are depicted with the subscript N. The
one-disulphide intermediates are in rapid equilibrium, as indicated
by the bracket; their relative concentrations under the normal
conditions of folding at pH 8.7 are given. Second disulphide
bonds are depicted as being formed in specific one-disulphide
intermediates, but this is not certain, due to the rapid equi-

librium. The "+" between the (30-51, 5-14) and (30-51, 5-
38) intermediates indicates that they have comparable kinetic
roles.

The half-times for the intramolecular transitions in forming and
rearranging the disulphide bonds at pH 8.7 are depicted for those
steps where they are known. The pathway depicted is that followed
by virtually all of the molecules under normal conditions. If this
energetically most favoured pathway is blocked in some way, other
slower steps usually become significant.
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The engineered proteins differ from the normal intermedi-
ates during folding only in having certain sulphur atoms
replaced by oxygens. Besides lacking the blocking groups,
these analogues also have the advantages that they are
more homogeneous than those isolated from a complex
trapped folding mixture, that intermediates that accumulate
to only low levels, but are kinetically important, can be
prepared in substantial quantities, and that useful isotopes
such as 15N and 13C can be incorporated.

The conformational properties of the intermediate analogues
are being elucidated using various physical methods, espe-
cially 2- and 3-dimensional NMR techniques. The informa-
tion obtained thus far has considerably expanded our under-
standing of this protein folding pathway. The intermediates
(5-55), (30-51, 14-38) and (30-51,5-55) have been shown
to have folded conformations very similar to that of the
native three-disulphide protein. The conformational stability
of native BPTI is so great that the absence of anyone
of the three disulphide bonds does not abolish its stability,
but merely lowers it to varying extents. Even the analogue
with just the single 5-55 disulphide bond, which contributes
most to stability of the native protein, adopts the native-like
conformation, although only at very low temperatures.

The partially-folded intermediates are (30-51), (30-51, 5-
14) and (30-51, 5-38). The crucial intermediate, (30-51),
has the major elements of native-like secondary structure
relatively fixed, but with the remainder of the polypeptide
chain disordered or flexible. That is the reason why this
intermediate is able to form readily any of the 5-14, 5-38,
or 14-38 disulphide bonds, which does not disrupt the fixed
conformation. The resulting two-disulphide intermediates
have the conformational stability and flexibility to undergo
the intramolecular disulphide rearrangements that are the
slowest step in folding. The kinetics of folding and disulphide
bond formation in the reduced forms of the analogues have
been determined, to dissect further the folding pathway and
to provide microscopic rate constants for individual steps
that previously were observed only as part of a composite
step.

Protein folding during biosynthesis

Proteins normally fold during or just after their biosynthesis,
and the natural folding process needs to be elucidated. The
unfolding and refolding studies carried out in vitro are meant
to establish a framework with which to study the in vivo
process.

The gene for BPTI indicated that the protein is synthesised
as a somewhat longer precursor, with a putative signal
peptide for translocation into the endoplasmic reticulum (ER)
and with further short extensions of unknown function at
both ends of the mature polypeptide chain. In vitro transla-
tion systems have been used to verify the presence of the
signal peptide and to identify the site at which it is removed.
The protein that folds in vivo is probably the resulting precur-
sor, without the signal peptide. This protein can be observed
to fold in microsomes when the redox conditions are made
appropriate for disulphide bond formation, and this process
is being studied.
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An E.coli expression system to produce the precursor in
substantial quantities has been devised and is being used
to produce substantial quantities of the precursor. Its folding
pathway in vitro is being compared to that of mature BPTI.
The structure and physical properties of the precursor are
being determined, especially by detailed NMR analysis. Its
proteolytic processing is being characterized in vitro.

Recent findings of many natural factors involved in protein
folding and assembly (e.g. protein disulphide isomerase
(POI), prolyl peptide isomerase, and chaperones) raise
many questions about how these factors function and how
they can recognize the appropriate conformational states
of a variety of different proteins. A structural model for the
mechanism of action of chaperones of the GroEL class was
proposed to stimulate experimental studies.

The effects in vitro of all the proteins of the ER on the
refolding of reduced mature BPTI were determined. The
rate of refolding was increased, but the effects could be
accounted for solely by the POI present. Other components
of the ER, such as the chaperones, apparently had no effect.
A comprehensive study of a recently-identified form of POI
from E.coli has been initiated.

The "molten globule" conformation
of a-lactalbumin

Most proteins that have been studied appear to adopt a
"molten globule" conformation immediately after the un-
folded protein is placed under refolding conditions, so it
is this form of the unfolded protein that actually folds.
This newly-recognized conformational state is also stable
at equilibrium with certain proteins under certain conditions;
it can, therefore, be studied in detail, but only a very
vague description of the molten globule can be given at
the present time. It is much more compact than a fully
unfolded protein, having only slightly greater hydrodynamic
volume than the native protein. It usually has a content
of secondary structure similar to that of the native con-
formation, but its tertiary structure seems not to be well
defined. We have used the four disulphide bonds of a-
lactalbumin to characterize its molten globule state. After
reduction of one of the disulphides, the resulting three-
disulphide bond form of folded a-lactalbumin is stable in
the native conformation when Ca2+ is bound. When the
Ca2+ is removed, however, the p.-otein adopts the molten
globule conformation and spontaneously rearranges the
three native disulphides to a number of other combina-
tions that tend to maintain the molten globule conforma-
tion. The rearrangement occurs at the same rate as when
the protein is fully unfolded in 8 M urea, but results in
a different set of disulphide isomers. This indicates that
the molten globule conformation of a-lactalbumin does not
seem to have its polypeptide chain in a well-defined topol-
ogy that keeps the cysteine residues in native-like proxim-
ity.

The process of breakage and re-formation of the four
disulphide bonds in a-lactalbumin has been characterized
thoroughly, in an attempt to understand the nature of this



protein's conformational state and why it adopts a stable
molten globule conformation. The process of disulphide
bond reduction occurs sequentially, with two disulphides
being reduced specifically. The process is not very coop-
erative, in contrast to in other proteins. The conformational
properties of the three- and two-disulphide intermediates
are being determined to attempt to understand this phe-
nomenon.
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Protein folding

Scientist: D.J. Thomas

Mechanical modelling of proteins

It was discovered in 1990 that loop regions of proteins
could behave like elastic strings in the molten-globular
phase, and the force-constant was determined from the
database of known structures. Further work showed that the
(all a-helical) structure of myoglobin is stabilized strongly
against perturbation by the presumed loop tensions in the
molten-globular phase. The same calculations were per-
formed on a set of predicted structures kindly provided by
Prof. Fred Cohen (Univ. of California, San Francisco), and
it was found that the real structure of myoglobin is more
stable than any of the predictions. Amongst the predictions
alone, the best is also the most stable. These calculations
are very much simpler than those conventionally used to
evaluate molecular dynamics. A similar calculation on the
aqueous crystal structure of colicin showed a lower degree
of stabilization and suggested that the loop tensions may
even contribute to the presumed tendency of the molecule
to change its conformation substantially during insertion into
membrane. Work continues to extend this model to proteins
containing ,B-sheets, but is complicated by the equivocal
mechanical role of these structures, particularly in putative
molten globule phases.

,a-sheet matching

One of the outstanding problems in protein folding is the
determination of the mechanism by which various parts of
the molecule come into such specific alignment with their
ultimate neighbours. It is much easier to study this problem
within a single ,B-sheet because of the regular quasi-planar
geometry. So far it has proved possible to detect only a weak
recognition signal, though it does have a high specificity
for the correct alignment of paired strands. It is anticipated
that extension of this work to triplet matches will result in a
stronger and more accurate signal.
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Dynamical droplet model

Many of the ideas inherent in the simplified mechanical
model and in the mutual recognition of neighbours com-
bine naturally in a newly developed dynamical model of a
molten-globule. This has its roots in statistical mechanics.
The main idea is to model not one molecule as is con-
ventional in calculations of molecular dynamics, but instead
to model the average behaviour of very many molecules.
This work is still at a very early stage, but it has already
been possible to contradict an assertion in the literature that
merely compressing a protein molecule into a dense ball
is sufficient to induce the development of a high degree of
stereoregularity, and to demonstrate that the configurational
entropy of the chain is likely to be a major determinant of
the fold.

Secondary structure prediction

Work has continued on the new (but unfortunately very
expensive) algorithm for predicting secondary structure.
It confirms that lack of data will prevent reliable predic-
tions of complete molecules for many years, but also
shows that in regions of the sequence (or aligned se-
quences) where enough data are available that fine de-
tails of structure can be deduced reliably. A particularly
notable feature of the algorithm is its success in the
prediction of the common Q-310-Q hairpin motif, where
the two non-helical residues can be determined unam-
bigously.
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The Outstation at the DESY, Hamburg
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The construction of the DORIS by-pass and of the new
HASYLAB buildings IV and V to house the new beam-lines
unfortunately fell considerably behind the planned schedule.
DORIS only came into operation again in the middle of
the summer and while there were nominally 5-6 weeks of
main-user time in this period the machine was not sufficiently
stable for routine use. This beam-time was largely used for
development of facilities by the in-house scientists with only
a very limited amount of data acquisition being possible.
DORIS was operational for a further six weeks in October
to November. The beam conditions in the first three weeks
were again very poor, but improved rapidly in the second
half of the time, allowing at least a small number of users.
Given the very limited time available we concentrated on
projects which could reach a reasonable point within a short
period. In addition the delay in the construction work meant
that our mechanical workshop was effectively out of action
for a major part of the year.

DORIS is presently shut down until late March. During this
time we hope it will be possible to install lines X11 and
X13 in the new HASYLAB V in which the frames of the
hutches were only completed in late December. This is
a very tight schedule and requires everything to proceed
without problems on the HASYLAB and EMBL sides. At the
same time we hope to start installing the skeleton at least of
the wiggler beam-line. This will not be available for routine
use until much later in the year. From spring 1992 we are
informed that DORIS will perform under more reliable and
stable conditions.

No major shut downs of DORIS are foreseen during 1992-
1994. A call for new proposals for beam-time will be made
when we are more certain of the start-up dates, and the
priorities committee will be re-convened sometime in the
spring when the beam-lines are working successfully.

Instrumentation
(J. Hendrix, A. Lentfer & J. Pijpelink)

The activities of the group were greatly restricted this year
as Jules Hendrix and Arno Lentfer were on leave of ab-
sence with MAR Research for most of 1991. In addition
the workshop was undergoing reconstruction for the major
part of the year. A MAR Research imaging plate scanner
was purchased, and installed on the X31 beam-line in the
second period of beam-time.

Overview of the EMBL beam-lines
in HASYLAB V (J. Pijpelink)

It was not possible to install any of the planned beam lines
in HASYLAB V, as the construction of the hall lasted for
almost all of the year. During December, the frames of the
hutches for fan K were being constructed. This means for
EMBL that from January 1992 on the reconstruction of X11
and X13, which are on fan K, can be started. Completion of
this reconstruction is foreseen before the machine will start
up again, hopefully towards the end of March 1992. Beam
lines X11 (protein crystallography) and X13 (small-angle
scattering) will be rebuilt without major change. A schematic
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PLATE 63 PLATE 64

The proposed set-up of the X11 and X13 beam-lines on fan K. The proposed final set-up of the wiggler beam-line, BW7.
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BW7B will be equipped with a triangular, bent Ge crys-
tal as monochromator, tunable from about 0.6 A to 1.6 A.
The monochromator will be followed by a segmented, bent
quartz mirror for vertical focusing of the beam. As detector,

Before the start-up of DORIS in 1992, the front end of BW7
has to be constructed in the ring, which will be done by
HASYLAB. The premirror, which will be in HASYLAB V,
will in the first instance be a metal mirror. Eventually two
branches on the wiggler line (straight through branch BW7A
and deflected branch BW7B) will be built by EMBL. First
BW7B will be installed, because it is a more straightfor-
ward design than BW7A, and hence will take less time to
construct. If everything turns out as planned by EMBL and
HASYLAB, the interlock for the BW7-hutches can be tested
in the middle of April 1992, leaving about two weeks to test
the parts of the beam-line which are at that time installed.
A schematic overview of BW7 is given in Plate 64. This is a
very tight schedule however and will be hard to achieve with
the delay in reconstruction and lack of workshop facilities in
1991.

view of fan K is given in Plate 63. The first 'monochro-
mator on fan K (for X13) is a triangular Si 111 crystal,
with a 7° asymmetric cut. The wavelength is fixed at about
1.5 A. The monochromator is followed by a segmented, bent
quartz mirror for vertical focusing of the beam. Horizontal
focusing is done with the monochromator crystal. The sec-
ond monochromator on fan K (for X11) is a triangular Ge
111 crystal, also with a 7° asymmetric cut. The wavelength
range of this beam-line can be changed between 0.9 A
and 2.3 A; eventually the shortest possible wavelength is
planned to be about 0.7 A. The monochromator is followed
by a segmented, bent quartz mirror. In the previous set-up,
at DORIS II, the number of photons per second and per
square millimetre was slightly above 1011 (at 5.3 GeV and
45 mA), with a 2.3 (J" focus size of 1.2 mmxO.64 mm. As
detector system, the imaging plate scanner is used.

EXAFS (C. Hermes, H.-F. Nolting & P. Loeffen)

G: BW7B monochromator
H: BW7A monochromator
I: BW7B focusing mirror
J: BW7A focusing mirror
K: experiments beam shutter
L: experiments hutch

A: rotating absorber
B: main beam shutter
C: wall of ring
0: premirror (SiC)
E: Be-window
F: vacuum valve

Instrumentation & programming
(C. Hermes, H.-F. Nolting)

In 1993, EMBL plans to activate the straight through branch
of fan K, X12, also for protein crystallography. What kind of
equipment it will get will depend strongly on the requests
from the EMBL user community. Likely possibilities are to
dedicate it to Laue experiments, or to MAD work. The
construction of this beam-line, however, has a lower priority,
and will only be started after successful commissioning of
the other EMBL beam-lines in HASYLAB V.

an imaging plate system will be installed. Firstly this line will
serve for protein crystallography; at a later stage it may be
shared with small-angle scattering experiments.

BW7A, which will be installed later after the side branch
has been constructed, will be equipped with a double crystal
Si 111 monochromator and a toroidal mirror, having a 3:1
demagnification. The coating of this mirror will be rhodium.
This branch of BW7 may, finally, be shared between pro-
tein crystallography and EXAFS. For protein crystallogra-
phy it will have an imaging plate scanner for data collec-
tion.

At the same time PC-versions of major parts of the EXAFS
data evaluation and analysis programs were written. A utility
library which includes customised graphics display routines

During the year the EXAFS data acquisition system was
successfully implemented on an IBM compatible PC (386-
AT), based on the PC-version of the CATV CAMAC control
language developed by F. Golding (Manchester). In the
course of this operation the graphical user interface was
completely rewritten: data are now displayed on a high qual-
ity colour PC monitor. Several new options were added to
the program to facilitate the experimental work, in particular
for less experienced users.

X11

F: X11 monochromator
G: X13 mirror
H: X11 mirror
I: experiments beam shutter
J: experimental hutch

A: main beam shutter
B: wall of ring
C: vacuum valve
0: Be-window
E: X13 monochromator
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was created to allow module oriented programming on a PC.
Furthermore a standard file structure was implemented, to
minimize storage space and access time. This work will be
continued with the aim of building up a user friendly and
easily transferable program package.

PLATE 65

Curve fitting analysis of yeast Cu-metallothionein; k3 -weighted
EXAFS (upper panel) and corresponding Fourier transforms (lower
panel).
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cause of the commissioning of the new detector only one
experimental project was carried out in 1991. The gene se-
quence corresponding to the truncated Cu-metallothionein
from the yeast S.cerevisiae had been cloned and expressed
in E.coli (see "Non crystalline systems" below). It was shown
that the recombinant protein bound Cu in vivo and in vitro
and a Cu:S ratio of approximately 8:12 was found from
the amino-acid analysis and atomic absorption measure-
ments.

XAS of yeast metallothionein
(H.-F. Nolting, C. Hermes, Z. Sayers,
P. Brouillon &M.H.J. Koch)

The installation of a 13-ele-ment solid state detector (fi-
nanced by the DFG) was another major modification to the
EXAFS spectrometer and necessitated hardware as well as
software modifications. Most of the available beam-time was
used to characterize this new detector system. It became
clear that the system is extremely useful for measurements
of very dilute samples exhibiting a large background. Due to
the intrinsic count-rate limitations it is not the ideal system
for more. concentrated specimens and further investigations
will show whether dead-time corrections have to be applied
at even moderate count-rates. The contaminant fluorescent
background radiation, which was easily observed with this
detector, probably originated from the cryostat. Therefore
investigations of very dilute samples (less than 1 mM) will
require modification of the cryostat. The analysis of the
EXAFS spectra taken so far with the new system will give
more quantitative results concerning detector linearity and
saturation limits.

X-ray absorption measurements were carried out on a pow-
der sample from Iyophylised truncated Cu-metallothionein
(MT) at 20 K. A quantitative x-ray fluorescence analysis
using the new detector system confirmed the Cu-S ratio, but
also about 1 Zn was found per molecule of MT. Therefore
XAS data were collected both at the Cu and Zn absorption
edges. Because of the relatively high metal concentration
it was possible to measure transmission data as well as
fluorescence data both with the solid state detector and
with the standard scintillation detector at the Cu edge. For
a first analysis the average of 10 transmission spectra
was used. According to a curve fitting analysis (EXCURVE,
Daresbury) each Cu is coordinated by three S atoms at
2.24 A, Plate 65. Furthermore, a short Cu-Cu interaction
(2.69 A) and additional scatterers (possibly other Cu-Cu
and Cu-S interactions) are observed. At this stage it is
not yet possible to define the Cu-S cluster unambiguously,
but it is already clear that high symmetry clusters can be
excluded. Additional investigations on specially synthesized
model compounds (in collaboration with G. Henkel, Duis-
burg) should provide a clear picture of the Cu-S cluster(s)
in MT.

0.6
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Thermal motion in the EXAFS data analysis
theory of enzymes (P. Loeffen)

Existing EXAFS scattering theory approximates the effects
of the thermal motion of scattering atoms near to the photon
absorbing metal centre by a Debye-Waller-like damping
coefficient of the amplitude for each scattering channel. This
kind of modelling is inadequate in describing correlation in
the motion of different atoms, for example in the case of
rigid rings such as imidazole found in histidine. In such
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cases the photoelectron scattering path lengths within the
ring are effectively constant despite any overall motion of
the ring itself. This shortcoming in the model manifests
itself as an overestimate of the scattered photoelectron
amplitude in multiple scattering channels. The calculated
EXAFS spectra turn out to have too large an amplitude
and also fail to exhibit some of the more subtle features
in the observed spectrum. Ensuing analysis using Fourier
transforms may thus provide incorrect values for interatomic
distances and coordination numbers. The aim of this work
is to include thermal motion effects correctly in the EXAFS
theory so that it is consistent over temperature. This will
make possible more precise analysis of EXAFS data of
biological molecules such as enzymes and may lead to
useful dynamical information about the environment of metal
centres in such molecules.

The work is centred on the enzyme carbonic anhydrase II.
In this molecule the one metal atom, zinc in valence
state 2+, is tetrahedrally coordinated to the imidazole rings
of three histidines and a water molecule and this re-
gion is believed to represent the active site. To simplify
the situation from that of such a large molecule, small
zinc (II) tetraimidazole compounds have been employed
as model compounds. Using small molecules is a more
manageable and conclusive way of testing the inclusion
of complete thermal motion terms in the EXAFS expres-
sion.

The information that is requiredtrom the model compounds
is the displacement amplitudes of thermal motion of the
atoms in the frame of the zinc ion taking into account all
correlation of motion. Since the vibrations within imidazole
rings produce negligible displacements as far as EXAFS
scattering is concerned, the normal mode displacements
of the imidazole rings as whole rigid entities with respect
to the zinc ion are therefore required. This information is
being determined by a variety of methods including in-
terpretation of an inelastic neutron scattering spectrum of
the model compound, consideration of infrared and Raman
spectra and a deeper analysis of the anisotropic displace-
ment parameters obtained by small molecule crystallogra-
phy, known as TLS analysis (translational, Iibrational, screw
analysis).

When the information in the above paragraph has been fully
deduced it will be possible to do thorough calculations of
the EXAFS spectra of these small molecules at a range
of temperatures involving multiple scattering and a proper
treatment of the thermal motion effects. The knowledge
gained in this work will then be applied to the case of
carbonic anhydrase and may help in understanding its en-
zymatic function.

Muscle (V. Maeda, G. Rapp, L. Lee, K. Maeda,
S. Fujita, V. Harada &A. f\(liegel)

Due to the shut-down of the machine and construction
of the building, only two test sessions of two days each
(where minimal set-up times have been necessary) have
been possible with outside users. We therefore concentrated

184

on (1) improvements in instrumentation, (2) work using the
x-ray beam for feasibility experiments, and (3) the in-house
project of protein crystallography of muscle proteins.

Improvements in instrumentation

Efforts have been undertaken to improve the existing beam
line X33. With the given dimensions of X33 (22.4 m source-
to-mirror and 7 m mirror-to-detector distances, 3.2 mm
vertical source size) the minimum theoretical focus size is
1.1 mm. In the current set-up of X33 the beam is vertically
focused by individually aligning 8 plane quartz mirrors, each
of which is 20 cm long. This results in a minimum theoretical
vertical focus size of 1.8 mm. 16 segments of 10 cm would
reduce the focus size to 1.5 mm and 32 segments of
5 cm would give an about 1.35 mm large focus. Since
too many segments are difficult to pre-align properly, in the
new design 16 segments of 10 cm long quartz plates will
be used. It is planned to pre-align them on an aluminium
bench which will be bent as a whole, thus simplifying the
frequently necessary alignment and focusing procedure on
the beam-line.

X-ray experiments

These are primarily temperature-jump experiments on lipid
samples where the small-angle (SAX) and the wide-angle
(WAX) reflections have been simultaneously recorded. In
this approach we followed a suggestion of Michel Koch to
connect two linear delay-line type detectors electronically
in series. Some of the data collecting and data processing
programs have been modified by Michel Koch for these
experiments.

Simultaneous measurement of small- and wide-angle
reflections on laser temperature-jump induced phase
transitions of lipids (G. Rapp &M.H.J. Koch)

Phospholipids can exist in a variety of phases. They are
of interest not only because of their occurrence in biolog-
ical membranes but also as model systems for studying
phase transitions in general. One of the questions inves-
tigated in recent years at the Outstation was concerned
with the kinetics of phase transitions of lipids after rapid
perturbation by a laser temperature jump. It was shown
that in transitions involving a change in symmetry (e.g.
from a lamellar to a hexagonal structure) there are short-
lived intermediate structures along the structural pathway,
whereas transitions that conserve symmetry display a sim-
ple decay and growth of the respective structures. In these
experiments only the long range order in the region from
about 80 A-1 to 20 A-1 was investigated. The scattering
patterns of phospholipids in the L,e (gel) phase also dis-
play a sharp reflection in the wide-angle region around
4.3 A-1 which arises from the short range order of the
hydrocarbon chains. To study the time course of the tran-
sition from the L,e to the La phase after a laser T-jump,
the delay lines of two linear detectors were electronically
connected in series. One detector covered the wide-angle
and the other the small-angle region. In these experiments
dilauroyl-phosphatidylethanolamine (DLPE) and dimyristoyl-
PE (DMPE) were examined.



PLATE 66

Superimposed pattern of DMPE in the LfJ and La phase.
19** 4

(a) is there any specific difference in this structural al-
teration between diester- and diether-phosphatidyl-
cholines?

(b) in mixed systems of the two phospholipid species, does
melittin preferably interact with one of these two?

Non-bilayer structures formed by interaction
of toxic peptides with phospholipid membranes
(A. Colotto, P. Laggner (Austrian Acad. Sciences,
Graz) &G. Rapp)

Cross-bridge attachment in single muscle
fibres during shortening (Y. Maeda in
collaboration with P.J. Griffiths, C.C. Ashley
(University of Oxford), G. Cecchi & M.A. Bagni
(University of Florence))

The analysis of the data collected in 1990 was continued.
Activation of skeletal muscle produces a transfer of mass
between the protein filaments (actin and myosin) which run
axially along the length of the muscle fibre. This transfer
of mass (from myosin to actin) upon activation may be
detected as a change in the equatorial x-ray diffraction
pattern arising from the quasi-crystalline myosin lattice.

In relaxed rabbit muscle fibres the helical ordering of myosin
cross-bridges (S1) on the thick filament shows a strong
dependence on temperature which is thought to be due
the nucleotide bound. One explanation is that when ATP IS
bound to S1 the cross-bridges are less ordered as compared
to when ADP.Pi is bound. If this were true one might also
expect a conformational change in S1 alone when different
nucleotides are bound. In the present study we measured
the scattering of S1 in solution after adding ATP. In a series
of 2 min exposures every 10 min we followed the accumula-
tion of S1.ADP at the expense of S1.ATP/S1.ADP.Pi which
occurs within 20 min with the concentrations used. Prelim-
inary analysis using the modified software packages SAP
and GNOM shows that the radius of gyration of S1 alone
and S1.ATP are similar (about 4.1 nm). After ATP is cleaved
and only S1.ADP is present in the solution, the radius of
gyration increased. Whether this is a true conformational
change of S1 or it is due to aggregation cannot be clearly
answered as yet. Further difficulties in these experiments
arose from unstable beam conditions with a frequent change
in background. For this type of experiment one would need
a stable beam over a longer period of time (>2 h).

Solution scattering of myosinS1 (G. Rapp,
D. Svergun (EMBL) & J. Wray (MPI Heidelberg))

Data sets have been collected in the temperature scan-
ning mode between 20° C and 80° C for melittin-DPPC
(dipalmitoyl:-PC) and melittin-DHPC (dihexadecyl-PC) sys-
tems containing the peptide at a mole fraction of 0.01, and
for 1:2, 1:1 and 2:1 mixtures of the lipids. The preliminary
evaluation has shown that in both cases qualitatively similar,
but in their lattice parameters different, cubic structures are
formed at temperatures above the chain melting tempera-
ture. As a novel feature, the data appear to offer insight into
the structural mechanism of the lamellar - cubic interconver-
sion, by the appearance of a 15 nm long period prior to the
development of the complete cubic pattern. Furthermore,
from the data obtained with the lipid mixtures a noticeable
preference for the pattern typical for is in-
ferred, indicating a tendency for phase separation.
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Natural venoms frequently contain small peptides which
are highly efficient in destroying the contingen?y of.
membranes at very low doses. A typical example IS mehttln,
a 26 amino-acid peptide of bee venom, which is known
to alter strongly the physico-chemical properties of phos-
pholiposomes even at ratios of one molecule melittin
ten-thousand phospholipids as judged from the thermotropic
phase behaviour. The structural nature molecular
anism of the changes induced by mehttln are the subject
of this investigation by small-angle diffraction. Our previous
studies have indicated that the action of melittin may be
based upon the induction of long-range curvature in bi-
layer membranes, as manifested in a thermotr?pic phase
sequence of lamellar - cubic - hexagonal - micellar. The
present investigations were aimed at answering the follow-
ing questions:

Plate 66 illustrates the patterns of DMPE at 48° C (solid
line) and at 50.5° C (dashed line). In the re-
gion the LfJ peak characteristic for the gel phase
pears at higher temperature and the La peak
for the liquid crystalline phase appears. Upon melting of
the aliphatic chains during the phase transition the strong
peak in the wide-angle region also disappears leaving a
small shoulder at somewhat smaller angle. The intensi-
ties of the SAX and WAX reflections change almost com-
pletely within one time frame of 5 ms. There is a
that the WAX reflection disappears before the La reflection
appears. Before speculating on the physical meaning .of
this effect, the time courses have to be measured with
a higher time resolution. This requires not only improved
performances of the data acquisition system but espe-
cially an x-ray beam stable over a long period of time
(>2 h).
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The 10 reflection falls in intensity, the 11 reflection in-
creases. In the isometric state it has been shown that these
intensity changes are a measure of the level of activa-
tion, that is, of the proportion of cross-bridges attached to
actin.

We have investigated time-resolved intensity changes (5 ms
sampling) accompanying isometric (i.e. constant length) ac-
tivation and relaxation in intact single muscle fibres (Griffiths
et al., 1991), where our successful application of x-ray
diffraction techniques to the intact single fibre preparation
made it possible, for the first time, to study equatorial signals
under length clamp control, and where the complications
of interpretation of results from a multicellular preparation
are avoided. We have also shown (Cecchi et al., 1990) the
existence of a radial component of the cross-bridge force
which compresses the lattice at physiological myosin lattice
spacing. Its magnitude changes with lattice spacing. This
behaviour is consistent with force transmission between
actin and myosin filaments as a vector directed at a small-
angle with respect to the axis of the myosin filament (as
expected if transmission occurred through the 82 compo-
nent of the .cross-bridge) which would therefore give rise to
axial and radial components. It cannot be explained in terms
of a single vector directed orthogonally to the axis of the
myosin filament. We now propose to examine the behaviour
of the Z-Iattice spacing, which arises from the square lattice
structure of the Z-Iine and the actin lattice outside the region
of overlap. Preliminary findings suggest there are important
differences between time-resolved spacing changes in the
Z-reflection lattice and the myosin lattice in the overlap zone.

We have now extended our studies to the isotonic (i.e.
shortening at constant force) state. Because of our single
fibre technique, we are able to measure stiffness and equa-
torial intensities on the same preparation during shortening,
and simultaneously to record sarcomere length. Our exper-
iments indicate that during shortening at constant velocity,
stiffness measurements (a putative indicator of cross-bridge
attachment) show a much smaller proportion of attached
cross-bridges (30% at vmax) than expected from equatorial
intensities (60% of the isometric signal). Under isometric
conditions, stiffness and equatorial signals were always in
good agreement. Assuming that the isometrically derived
relationship between cross-bridge attachment and equa-
torial intensities holds in the isotonic state, this indicates
a difference in the proportion of attached cross-bridges
detected by the two methods. The 10 and 11 signals
during shortening are very similar (the 11 signal is a few
percent larger than the 10), and their time to reach steady
state levels during shortening decreases with increasing
shortening velocity. Our future studies will attempt to ex-
plain this discrepancy between stiffness and equatorial sig-
nals.

Crystallization of muscle proteins

To understand the mechanisms of muscle contraction
and its regulation, it is of great importance to know the
structure of myofilaments at atomic resolution. Our aim
in this project, started at the end of 1989, is to apply
x-ray protein crystallography to individual muscle proteins

Table 3

ESTABLISHED EXPRESSION SYSTEMS FOR MUSCLE PROTEINS

Proteins cDNA source Variant Expressed Target proteins Purified Activity Yield
in in soluble per litre

fraction or culture after
insol. fraction purification

Tropomyosin rabbit skeletal muscle complete E.coli sol. Yes Partial 20 mg
insect cells* sol. Yes Yes

Troponin-I rabbit skeletal muscle 25K E.coli insol. Yes Yes 50 mg
Drosophila flight muscle complete E.coli

Troponin-I rabbit skeletal muscle complete E.coli insol. Yes Yes 20 mg
Drosophila flight muscle complete E.coli

Troponin-C rabbit skeletal muscle complete E.coli sol. Yes 20 mg

Kayo Maeda (in collaboration with K. Holmes's laboratory at MPI, Heidelberg)

Myosin rabbit skeletal muscle

81 HC+LC1+LC2 insect cells* sol.

LC1 complete insect*/E.coli sol.

LC2 complete insect*/E.coli sol.

LC3 complete insect*/E.coli sol.

* by use of baculovirus expression system
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and myofilaments, especially to tropomyosin, the troponin
complex, short segments of the actin-tropomyosin complex
(with or without troponin) and the head portion of myosin
(S1). Recombinant proteins are essential in the project
(1) to obtain homogeneous preparations, particularly of
S1, tropomyosin and troponin T in the troponin complex,
and (2) to enable us to control polymerisation, particularly
of tropomyosin and actin within actin + tropomyosin seg-
ments.

Establishing expression systems for muscle
proteins (K. Maeda, S. Fujita, L. Lee &Y. Maeda)

To date, we have established expression systems for all
the regulatory proteins. K. Maeda, in collaboration with
K.C. Holmes's laboratory at MPI Heidelberg, has alsoes-
tablished expression systems for S1 and other fragments
of myosin, Table 3. We are now refining the systems
to obtain high yields. Our experience indicates that pro-
teolytic digestion of target proteins is a major problem
during their extraction and purification. The proteins ex-
pressed in E.coli are now being used in crystallization
trials.

Two chains may be out of register in the a-helical
coiled-coil of the myosin rod (K. Maeda &
Y. Maeda in collaboration with A. Rosch-Kleinkauf,
H.R. Kalbitzer and A. Wittinghofer (MPI Heidelberg))

Our recent NMR study (K. Maeda et al., 1991; Kalbitzer
et al., 1991) of the carboxy terminus of the myosin rod, a
member of the a-helical coiled-coil proteins, has suggested
that the two chains of the molecule are not exactly in
register. The NMR spectra, both from E.coli expressed short
segments of the myosin rod and intact myosin molecules,
indicated that the original C-terminus of myosin is unfolded
and mobile, 9 residues from one chain and 12 residues
from the other. The simplest interpretation of the asymmetric
unfolding is that the two chains are staggered relative to one
another by 3 residues. Our preliminary NMR spectra from
synthetic short peptides corresponding to the C-terminus
(in collaboration with D. Nalis and R. Kellner, EMBL, Hei-
delberg) indicate that the structure of the folded part is
also asymmetric. This is not consistent with Crick's model
(1953) for the packing of two a-helical peptides into a
coiled-coil protein. The stagger would result in a weaker
interface, making the molecule more flexible. Although the
structure of the leucine zipper of GCN4 has recently been
solved, indicating two identical chains exactly in register
(symmetric) (O'Shea et al., 1991), it is still of great im-
portance to solve the structure of other large a-helical
coiled-coil molecules, especially molecules the function of
which might be associated with alteration in their flexibil-
ity.

We have therefore carried out systematic trials to obtain
crystals of coiled-coil proteins, including segments of myosin
rods and tropomyosin. We have to date obtained crystals
with a new morphology from the tropomyosin of lobster tail
muscle.

PLATE 67

Tropomyosin crystals with a new morphology. The bar corresponds
to 1 mm.

A new crystal form of tropomyosin
(A. Miegel, L. Lee, Y. Maeda & Z. Dauter)

Tropomyosin crystals with a new morphology have been
obtained, Plate 67, from lobster tail muscle tropomyosin
from which 11 residues at the carboxy terminus have been
proteolytically removed to avoid head-to-tail polymerization.
In contrast to the conventional Bailey crystal form in which
the elongated tropomyosin molecules form a mesh, in the
present crystals the molecules are packed side-to-side with
the long axes parallel to the c-axis of the crystal. The
unit cell is tetragonal with a=b=1 09 A, c=509 A, and the
symmetry is either P41212 or P43212, with the 41 (43) helical
axes parallel to the c-axis. This suggests that a group of
molecules surrounding a local 41 (43) axis can be regarded
as the building unit of the crystal. Diffraction spots have been
observed to 8 Aresolution in the a* , b* plane, but along the
c* axis only to 15Aresolution. We are trying to improve the
crystal quality.

Non crystalline systems (M.H.J. Koch,
Z. Sayers, D. Svergun & P. Brouillon)

The shut-down gave time to analyse the data of most
projects and to submit the results for publication and this
also provides the opportunity to revise the balance between
developments and collaborative projects. The number of
collaborations with outside groups will, in future, be more
closely matched to the number of trained staff in the group
and a number of measures are being taken to reduce
the support required by less experienced users. Since the
mechanical workshop was not operational for most of the
time, improvements to the beam-line had, however, to be
postponed. The development, in collaboration with Golding
Associates (Lancaster, UK), of the IBM-PC system for data
acquisition is now completed. The system has proven its
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value during the measurement period as data collection
is now independent of the VAX-network. Most of the data
processing is now done on IBM-PC which also facilitates
matters for outside users.

The present versions of the data acquisition and evaluation
software together with conversion programs for commercial
data acquisition cards have been licensed by the EMBL to
BIOLOGIC (Grenoble).

Purification of copper metallothionein (MT)
from yeast

The gene corresponding to the truncated Cu-MT from which
the signal sequence of 8 amino-acids is removed has been
cloned and expressed in E.coli. The recombinant protein
has been characterized using various biochemical and phys-
ical techniques and the results submitted for publication
(Sayers et al., 1992). During the course of this work it has
become clear that previous structural studies were ham-
pered by a lack of rigorous criteria to monitor simultaneously
the homogeneity of the MT and the amount of bound Cu.

Preliminary EXAFS results (see EXAFS group) confirmed
that copper is in the Cu(l) form and coordinated to sulphur.
Calculations based on EXAFS and on independent atomic
absorption measurements and on amino-acid analysis yield
a Cu:S ratio of 8.3±0.3, close to the value expected from the
sequence if all twelve cysteines are coordinated to copper.
This also implies that early EXAFS interpretations (Bordas
et al., 1982) were based on an incorrect Cu:S ratio and
need revision and illustrates once more the need for much
better coordination between biochemical and structural work
than can be achieved in practice with collaborations or on a
service basis.

Ways of further purifying the protein for structural inves-
tigations for which this system is particularly well suited
(e.g. anomalous scattering, MAD, NMR) are currently being
investigated.

Mathematical methods

Methods for shape determination of biological macro-
molecules in solution using spherical harmonics were fur-
ther developed and the program SHAPE installed on Ultrix
machines. The method was applied to several systems
such as pyruvate decarboxylase (PDC), the 50S ribosomal
subunit, tubulin and catalase. The prototype of a graphics
system for the presentation of the restored shapes as three-
dimensional solid models, as illustrated in Plate 68, was
developed for an IBM-PC.

A new method based on orthogonal polynomial expansion
was developed to get a preliminary estimate of the charac-
teristic function and structural parameters without a priori
information about the range of particle sizes. This could
serve as a first step towards an expert system estimating
the characteristics of the scattering object which can further
be refined using the GNOM package. The latter is now
being expanded to handle scattering from different types
of systems.

188

PLATE 68

Shape of the octamer of yeast pyruvate decarboxylase (POe) calcu-
lated from the solution scattering pattern using spherical harmonics.
The side of the square corresponds to 2 nm.

Solution scattering from DNA at very
low ionic strength

The properties of polyelectrolytes in solutions at very low
ionic strength are a subject that is usually avoided because
these solutions are far from ideal. Their properties are,
however, interesting in relationship to other methods like
electric dichroism or electric field scattering. In particular,
scattering patterns from solutions of very long and short (150
base pairs) DNA fragments at very low ionic strength display
strong interference bands resulting from correlation between
molecules due to the repulsive forces. A detailed analysis
of these scattering patterns in terms of' thermodynamic
parameters is in progress.

Visiting groups

Quaternary structure of yeast pyruvate
decarboxylase (POe) (S. Konig,G. HObner,
A. Schellenberger (Martin-Luther-Universitat
Halle/S.), D. Svergun & M.H.J. Koch)

The investigation of the pH dependence of the quaternary
structure of PDC from yeast has been completed and the
results submitted for publication (Konig et al., 1992). The
shape of the various oligomers in solution was determined
using spherical harmonics as illustrated in Plate 68. The
pH-dependent equilibrium between dimers and tetramers
was related to the inactivation rate of the enzyme and
it could be shown that tetramers are the only catalytic
species. This equilibrium could be an additional control
mechanism of enzymatic activity in vivo. The experimental
and data processing methods developed to monitor radi-
ation damage resulting in this case in the formation of
octamers can be readily applied to other radiation sensitive
systems.



Molecular packing in fibrin (A. Bigi & N. Roveri
(University of Bologna) &M.H.J. Koch)

Uniaxial stretching of fibrin films induces a gradual orien-
tation and a disruption of the ordered parts of the fibrin
molecules, which form {3-sheets whereas they are a-helical
in unstretched samples. Near the breaking point, a marked
double orientation is observed and the {3-sheets are ar-
ranged in an orthogonal unit cell (Bigi et al., 1991). Analysis
of the x-ray diffraction patterns from samples under uniaxial
elongation and prepared at different Ca concentrations and
in different hydration conditions should provide information
on the relationship between the transition from a-helices to
{3-sheets inside the fibrin molecule and the modifications of
its half staggered overlapping molecular packing.

In vitro calcification of tendon collagen
(A. Bigi, N. Roveri (University of Bologna)
&M.H.J. Koch)

Our previous investigations on bone and calcified tendons
have shown that the inorganic phase is distributed along the
collagen fibrils according to a step function with the same ax-
ial periodicity, 0=67 nm, as native collagen fibrils. The length
of the step is independent of the degree of calcification for
samples with inorganic phase contents between 20 and 70%
weight, but its mean height increases. Analysis of samples
with inorganic contents below 20% was limited to specimens
submitted to progressive demineralization where decalcifi-
cation proceeds through reduction of the mean length of
the inorganic blocks. Turkey leg tendons submitted to in vitro
calcification were studied to follow the growth of the very first
mineral crystals deposited on collagen fibrils. Preliminary re-
sults indicate that decalcified, as well as uncalcified tendons,
are capable of nucleating apatite crystals from metastable
solutions of calcium phosphate albeit with different lag times.

Ultrastructural investigations of tissue from
Morbus Dupuytren tissue (H. Notbohm
(Med. Univ. LObeck) &M.H.J. Koch)

The project aims at determining the ultrastructural alter-
ations of collagen leading to diffuse fibre formation in Morbus
Dupuytren (MD), a disease resulting in joint contracture. The
beam-time available was sufficient to establish that the new
sample preparation method for palmar aponeurosis tissue
leads to a significant improvement in the diffraction pattern
and that it should be possible to calculate the electron
density distribution.

Phase diagrams of rough mutant lipopoly-
saccharides (K. Brandenburg, U. Seydel
(Forschungsinstitut Borstel) &M.H.J. Koch)

The different responses to stimulation by endotoxins with
different polysaccharide side chains in various in vitro and
in vivo systems raises questions regarding the influence
of the head-groups on these effects. It may be assumed
that the three-dimensional structure of aggregates formed
by these compounds influences the interaction of the endo-
toxins with the host. Therefore phase diagrams are being
established starting with free lipid A and Re-LPS. These

substances assume preferentially non-lamellar structures
with cubic symmetry at water concentrations above 50% and
LPS/Mg ratios above 2. The measurements have been ex-
tended to other rough mutants (Rd and Ra) from Salmonella
minnesota. The results have been submitted for publication
(Brandenburg et al., 1992).

Induction of lamellar stacking by cholesterol
in lecithin - bile salt model systems
(G.J. Somjen, T. Gilat (Suraski Medical Centre,
Tel Aviv), E. Wachtel (Weizmann Institute,
Rehovot) &M.H.J. Koch)

Interactions among lipid particles in lecithin-bile salt model
systems with physiological proportions of components were
investigated by x-ray scattering. In model systems in the
absence of cholesterol, continuous isotropic scattering is
observed indicating the absence of periodic structures. In
the presence of excess cholesterol, lamellar stacking is
detected by the appearance of discrete diffraction peaks,
the most prominent of which corresponds to a spacing of
8-9 nm. In the supersaturated cholesterol region of the com-
monly accepted phase diagram, where cholesterol crystals
were expected, lamellar stacking was found. The high pro-
portion of cholesterol to bile salts seems to be the common
denominator of these models: lamellar stacking occurs in
the presence of excess cholesterol (>10 mol%) and when
the bile salt to cholesterol molar ratio is <1O. These two
constraints were previously not recognized as structural
determinants in model bile. Lamellar stacking was also
found in native unprocessed bile. The interacting surfaces
may contribute to cholesterol solubilization by modifying the
kinetics of cholesterol crystallization. This possibility is being
studied.

Investigation of the structure of matrices of immune
stimulating complexes (ISCOM) (K. Westesen
(Inst. of Pharmaceut. Techn., Braunschweig),
K. Lovgren (Dept. of Virology, Biomedicum,
Uppsala), D. Svergun &M.H.J. Koch)

ISCOMs consist of cholesterol, phospholipids, triterpene
saponine mixture (Quil A) and subunit vaccines. The vac-
cines are not considered to be essential for the formation
and structure of these complexes. Their structure has been
investigated mainly by freeze fracture electron microscopy.
The preliminary data obtained point to the existence of a
nearly monodisperse system of hollow spheres with a single
bilayer and maximum particle dimensions around 40 nm.
The features in the scattering patterns justify a more detailed
analysis especially as electron microscopic observation in-
dicates polyhedral structures that are reminiscent of minimal
surfaces and NMR suggests that the shell is a porous barrier
through which paramagnetic reagents migrate freely.

Characterization of phospholipid stabilized oil-in-water
emulsions (K. Westesen (Inst. of Pharmaceut.
Techn., Braunschweig), D. Svergun & M.H.J. Koch)

Little information seems to be available on the structure of
these types of emulsions despite their great clinical impor-
tance. They are used as emulsions for intravenous (Lv.)
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administration for parenteral nutrition and as drug carriers.
Fatal side effects seem to be related to the structure and
in particular to the "excess" of phospholipids. This project
was started to obtain basic information about the structure
of these emulsions using a number of traditional clinically
used Lv. emulsions as well as novel ones.

Detectors for synchrotron radiation
(A. Gabriel, F. Dauvergne, F. Cipriani
(EMBL Grenoble) &M.H.J. Koch)

- Simultaneous recording of small- and
wide-angle scattering patterns using
delay-line detectors

The simultaneous measurement of small (SAX)- and wide
(WAX)-angle scattering patterns is a standard problem in
the study of polymers or colloidal (e.g. lipid) systems. It is,
of course, possible to use two separate detectors for this
purpose, but this has obvious disadvantages. Delay-line de-
tectors offer a simple solution since several detectors can be
connected in series for correlation measurements and still
look like a·single one to the data acquisition system (Kam
et al., 1982). During the·shut-down a system consisting of
a 200 mm linear detector for SAX measurements and an
80 mm detector for WAX was first tested at LURE using
the portable PC-based CAMAC data acquisition system and
then installed in HASYLAB and used for several projects.

Parallel read-out of x-ray detectors using
delay-lines: space-time - space conversion

The main limitation in the performance of multiwire propor-
tional chambers (MWPC) with LC delay-lines is determined
by the read-out system which has traditionally been based
on time-to-digital conversion using a fast clock. The fun-
damental properties of delay-lines imply that the phase (or
time difference) information can be readily retransformed
into spatial information using a second delay line. In op-
tical imaging systems spatial information is transformed
into phase information and vice versa without any external
clock as only phase relationships matter for correct imaging.
The correct relationship is obtained by a lens, which can
be considered as a set of parallel delays, ensuring that
the waves interfere after identical travel times. Similarly, it
suffices to ensure that the two cathode signals in a wire
chamber would interfere after having travelled the same
time to obtain a spatial image of the events in the detector.
A system based on this principle is illustrated in Plate
69 together with the analogous optical imaging system. It
consists of two back-to-back delay-lines and a third one
on the anode which delays the prompt signal by a fixed
time. The signals from the first delay-line in the detector
propagate in opposite directions towards the ends of the
second one. Their phases are defined relative to that of the
prompt signal (P) corresponding to the phase of the zero
order in the optical system. Magnification or demagnification
can be achieved by using two delay-lines with different
velocities. Pulse sources like synchrotron radiation sources
lend themselves particularly well to this approach since
one readily obtains the correct superposition of the signals
corresponding to simultaneous events in the appropriate
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channels. Preliminary results demonstrate the feasibility of
the approach. Details can be found in a forthcoming publi-
cation (Gabriel &Koch, 1992).

- High counting rate two-dimensional position-
sensitive detectors based on gas chambers
and position-sensitive photomultipliers

Wire chambers are one of the few types of detectors allow-
ing accurate measurements and fast framing and essentially
all time-resolved experiments or anomalous scattering mea-
surements, which are the main justification for the use of
synchrotron radiation, rely on these devices. This has finally
also been realized by a broader community and it is hoped
that the EEC will fund the development of these detectors at
the EMBL in the near future. Traditional wire chambers have
limitations resulting from space charge effects and from
parallax which can be circumvented by the use of parallel
plate detectors. A prototype of such a detector was tested
on the X33 beam-line and some results are illustrated in
Plate 70. Note that in the measurement of the direct beam
a count rate of 3.6 MHz was measured on the anode without
any noticeable space charge effect on the observed beam
profile. About 2/3 of the counts were, of course, rejected
by the data acquisition system which cannot yet cope with
count rates above 1 MHz. This represents a major step
forward in the development of chambers for high count
rates.

A second approach to fast position-sensitive detectors which
is being investigated relies on position-sensitive photomul-
tipliers. These detectors can also be read-out using delay-
lines and as such are a logical extension of our previous
work. In bench tests local count rates up to 7 MHz were
obtained with an LED. The possibility of using a scintillator
and an image intensifier in front of these devices is now
being investigated in collaboration with groups at DESY and
at KFA-JOlich.

Biochemistry and molecular cloning
(C. Vorgias, A. Kingswell, P. Padas & M. Dauter)

HU: a histone-like DNA binding protein
from Bacilli (P. Padas &C.E. Vorgias)

HUis a non-sequence specific double-stranded DNA bind-
ing protein, ubiquitously found in substantial copy num-
bers in eubacterial cells. The project falls into three parts:
(1) the cloning and over-expression of HU, (2) site-directed
mutagenesis (SDM) analysis of the thermostability and
(3) SDM analysis of DNA binding. The HU genes (hup)
from five different Bacilli have been cloned, sequenced
and over-expressed employing the in vitro gene amplifi-
cation technique (polymerase chain reaction (PCR)). The
five Bacilli selected are closely related but have different
optimum growth temperatures: >70° C for B.caldolyticus
and B.caldotenax; 60-65° C for B.stearothermophilus (Bst),
37°C for B.subtilis and 30° C for B.globigii (Bgl). The amino-
acid sequences deduced from the gene for the three ther-
mophiles are identical. Those for the two mesophiles are
also identical and differ from those of the thermophiles at



PLATE 69

Parallel read-out system without external clock using delay-lines
only and analogous optical system. The event I occurs at t=O and

its image I' is observed at t=td. P is the prompt anode pulse which
is delayed by td to trigger the read-out of the second delay-line.
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PLATE 70

(a) Horizontal cut through a diffraction pattern of dry
collagen obtained with a 100 mm diameter parallel
plate detector. The contour plot of the entire pattern
is shown in the insert.

(b) Image of a direct monochromatic beam with a total
count rate on the anode of 3.6 MHz. Note the
absence of space charge effects on the profile of
the beam.

(c) Profile of a monochromatic beam obtained with
a traditional chamber. Space charges result in a
collapse of the measured peak intensity at a count
rate of 45 kHz.

(d) Illustration of the parallax properties: direct beam at
normal (left) and at 45 degrees (middle) incidence
and of the spatial resolution of the detector (right):
two beams (0.3 mm collimator) spaced by 1 mm.
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PLATE 72

A 1° rotation image of a crystal of mutant HU. The data extend to
a resolution of 2.4 A.

According to the current model the arginine residues 53, 55,
58, 61 are involved in the HU protein-DNA interaction. We
have applied SDM to investigate the role of each arginine
residue in the formation of the HU-DNA complex. Prelimi-
nary results show that the arginines do not contribute equally
to this interaction, which does not seem to be exclusively
electrostatic.

HU: histone-like DNA binding protein from
E.coli (C.E. Vorgias (EMBL) &J. Rouviere-Yaniv
(Edmonds Rothschild Foundation, Paris))

The next step was to try combinations of those mutants
which show significant effects. The mutations G15E and
V421 in combination decrease the Tm compared to wild-type
Bst by 15°C, approximately the sum of their individual
contributions. The amino-acids are located in the (31 and
(32-turns of the HU molecule respectively. These substitu-
tions presumably destabilize the structure by putting larger
residues in these tight turns. That the story is not so simple is
shown by the combined mutations A27S/S31TIT33L/E34D,
all located in the main, Q2 helix, which somewhat enig-
matically increase the Tm by 6° C, possibly by compacting
the Q2 helix and hence the entire HU molecule. This more
stable mutant HU readily forms crystals. Plate 72 shows
a 1° rotation image of mutated HU, and data have been
collected to a resolution of 2.4 A. Further SDM is underway
to elucidate the function of other amino differences in this
model system.

In contrast to Bacilli, E. coli HU consists of two non-identical
subunits Q and (3. The HUQ(3 heterodimer is the predom-
inant form of E.coli HU in vivo. However the two homod-
imers, Q2 and (32, also exist within the cell and show
slightly different behaviour in terms of stability and DNA

Bst

66
Tm

40

-10

-20

-6.0

-4.0

The strategy was first to make individual substitutions in turn
for each of the ten variant amino-acids in Bst to that found
in Bgl HU and determine the melting temperature (Tm) of
the mutant protein by circular dichroic spectroscopy (CD).
Plate 71 presents melting curves of the recombinant native
HUs from Bst and Bgl. The melting points for the wild-type
proteins are 66° C and 40° C respectively. The insert shows
CD spectra of both HUs. We have found that three mutants
(A27S, S31T and T33L) have no difference in thermostability
from wild-type Bst, three are destabilized by 1-2°C (T13A,
A56S, and M691), and two more by 3.5° C (V421 and K38N).
Two mutants are substantially less thermostable than Bst
HU by 6° C (E34D) and 10°C (G15E).

A typical form of a the melting curve of the recombinant HUs from
Bst and Bgl. The insert shows CD spectra of both HUs.

The proteins of thermophiles for which the tertiary struc-
tures have been determined do not appear to show any
special or unique properties in the interactions used in
their folding. The limited comparisons carried out to date
have often involved structures with considerable differences
in primary sequence, and this makes an interpretation of
which bonds are significant in increasing thermostability an
awesome task. Site-directed mutagenesis allows a more
direct addressing of the problem in principle, but is no
longer a truly natural solution. We have chosen to look
at the structure of the DNA binding protein HU from a
thermophilic bacterium, Bst, and the sequence of HU from
the closely related mesophile, Bgl, to identify how the extra
thermostability is achieved in the former. The sequences
are identical at 80 of the 90 equivalent positions. There are
no deletions or insertions, but the mesophiles possess two
extra amino-acids at the carboxy terminus.

11 positions. The mesophilic proteins have an extra two
amino-acids at the C-terminus. The plasmids harbouring the
hup genes over-express HU in considerable amounts. An
efficient purification scheme using cation exchange chro-
matography and FPLC has been developed. This gives ca.
30-40 mg of more than 95% pure HU per litre E.coli culture.

PLATE 71
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PLATE 73

The 600 MHz NOESY spectrum of the HU-d(TCAAGGCCTTGA)2
complex (296 K, added spectra tm= 50, 150, 200 ms).

9'.60 8.83 a'.t? 7'.50 6'.83 a'.17 6'.60 '4.83
PPM

the bl9 gene which encodes the protein. The sequence cor-
responds to that determined for the protein itself by classical
methods, differing at only a few amino-acid positions. Initial
crystallization conditions have already been described but
recently we found that the use of 60-80% saturated sodium
citrate pH 6.4 as precipitant significantly decreases the time
for full crystal formation and gave an increased number
of useful crystals. The crystals obtained were up to 2 mm
long (Plate 74). The space group and cell dimensions have
been determined. A search for heavy-atom derivatives was
unsuccessful. Therefore we introduced cysteine residues at
several positions in the molecule by site-directed mutagen-
esis (Le. Ser29Cys, Gln71 Cys, Ser92Cys and Gln97Cys).
Three of the four mutants gave well diffracting crystals.
Heavy-atom derivative preparation is in progress.
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Ribosomal protein BL9 from Bacillus stearothermophilus
(C.E. Vorgias, A.J. Kingswell & P. Padas)

The cloning, sequencing and over-expression of the gene
coding for Bacillus stearothermophilus ribosomal protein
L9 have been achieved and published. We used the
in vitro gene amplification technique (PCR) and cloned

NMR studies on the HU protein from Bacillus stearother-
mophilus, the duplex DNA d(TCAAGGCCTTGA)2, and
the complex of HU and this DNA fragment (Plate 73)
are being performed. Nearly all proton resonances of 32
residues have been assigned using NOESY, DQF-COSY
and TOCSY spectra. The connectivities in the NOESY
spectrum agree with the x-ray structure. The thermal sta-
bility of HU is increased by addition of salt. The exis-
tence of a complex of HU and the above dodecamer
is confirmed by measurements of T1 relaxation times
of DNA protons which are shorter in the complex than
in free DNA, probably owing to the proximity of protein
protons. In addition the signals in the NMR spectrum
broaden upon complex formation. In particular the T1 times
of the H2 protons, located in the minor groove of the
DNA, decrease significantly upon binding to HU. This sup-
ports binding of HU in the minor groove. However this
is not by NOEs between DNA and the pro-
tein.

NMR studies on the structure of HU protein in solution
and its interaction with synthetic oligonucleotides
(M. Bloomers, L.P.A. van Houte, R. Kaptein
(Utrecht University), C.E. Vorgias & K.S. Wilson)

Integration host factor
(C. Vorgias &A.J. Kingswell)

A rapid procedure for the large scale isolation of re-
combinant integration host factor (IHF) protein from E.coli
K5746 has been published. The procedure follows a mild
extraction of protein and fractionation by ammonium sul-
phate. One step affinity column on a heparin-sepharose
provided very pure IHF protein. A mono-S FPLC column
was used to concentrate highly the pure IHF for crys-
tallization trials. Our attempts to crystallize IHF produced
stable small crystals which diffract poorly owing to the
large number of IHF dimers per unit cell. Further attempts
to crystallize under different conditions as well, as in a
complex with the putative DNA binding site are under-
way.

binding properties. To understand further the reason for
the heterogeneity of HU in E.coli, we have decided to
study the structure of the three different HU forms. As a
first step towards crystallizing these E.coli HU forms we
have cloned and highly over-expressed the hupA and hupB
genes which encode the (J and a HU subunits, respectively.
Both subunits have been purifi.ed by affinity chromatography
and can form heterodimers in the same manner as the
non-recombinant HU protein.
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PLATE 74

A crystal of BL9(Gln97Cys) obtained under the conditions described
in the text.

Crystallization of recombinant chitinase from the
cloned chiA gene of Serratia marcescens
(C.E. Vorgias, A.J. Kingswell (EMBL) and
A.B. Oppenheim (Hebrew University Israel))

Chitinase is an important enzyme which has been implicated
in the defense mechanism of plants against pathogens.
The chiA gene encoding for the chitinase enzyme from
Serratia marcescens was efficiently over-expressed and the
enzyme was secreted into the growth medium. Chitinase
was purified to homogeneity using affinity chromatography
on a phenyl-sepharose column and crystallized (Plate 75).
The crystals are in the form of small needles in space group
C222 or C2221 and have unit cell dimensions a=204 A,
b=134 A, c=60 A. They diffract x-rays to about 3Aresolution
and are suitable for three-dimensional structural analysis.

Plant proteins USP and Vicilin: cloning and
over-expression for structural studies
(C.E. Vorgias (EMBL) & R. BassOner
(Gatersleben, Sachsen-Anhalt))

Our intention is to investigate the structure-function relation-
ships of two different plant seed proteins. One belongs to
the 7S class of vicilin-like storage proteins. The other is a
non-storage protein, likely to be an enzyme, but at present
called "unknown seed protein" (USP). Regarding USP no
homologous protein has been found so far. We have cloned
the gene of both proteins and over-expressed them in E.coli.
Development of purification procedures to obtain reasonable
amounts is in progress.
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PLATE 75

(a) A 12.5% SOS-PAGE of purified chitinase (lane 1), and chiti-
nase crystals dissolved in Laemmli buffer (lane 2).

(b) Crystals of chitinase obtained at 16° C under the conditions
described in the text. The long axis of the crystal is about
0.5 mm.

Over-expression and purification of c-jun oncogene
protein product for structural studies (C.E. Vorgias
(EMBL) Y. Spirou & M. Yaniv (Pasteur, Paris))

This challenging project has been initiated during this year.
The c-jun oncogene has been cloned and over-expressed
in E.coli. Unfortunately the recombinant c-Jun protein is
trapped within inclusion bodies causing serious solubility
problems. We are applying different cloning strategies to
solve this problem and recover sufficient amounts of native
protein for crystallization trials.

Protein crystallography (K.S.Wilson, C. Betzel,
Z. Dauter, A. Teplyakov, W. Rypniewski, G. Evans,
M. Hennig, V. Lamzin, S. Pfeffer, T. Schneider,
H. Terry &M. Visanji)

All data described below were collected using the prototype
or MAR Research imaging plate scanner.

Hardware

During 1991 we carried out a BMFT (Bundesministerium
fOr Forschung und Technologie) funded project on the de-
velopment of new crystallization equipment which can be
used under normal laboratory conditions as well as in the
microgravity approach. The whole project was planned and
completed in one year. In August three different crystalliza-
tion robots were intensively tested and compared using a
set of different proteins. The most useful system for our pur-



poses has now been purchased. A cryogenic crystal cooling
device, purchased from Oxford Instruments, was installed
and tested, and after some modification was routinely used
for low temperature data collection with our conventional
source.

Subtilisin proteinases and their inhibitors

The in-house program on the subtilisin proteinases and
their complexes with different peptides was actively pur-
sued, concentrating on mutant structures of the enzyme
savinase in collaboration with S. Branner of the NOVO-
Nordisk Research Institute. High resolution data for a to-
tal of 13 mutant structures have now been collected and
most of them have been analysed and refined. The pur-
poses of the protein engineering studies on this struc-
ture include: (a) improvement of activity and performance,
(b) enhancement of stability under various conditions and
(c) reduction of the influence of Ca2+ and other cations
on the stability and activity of the enzyme. Data collection
for the native enzyme or a mutant to essentially atomic
resolution (about 1A) using short wavelengths of about
0.65 A was put off until 1992, when DORIS will be op-
erating more routinely. For this purpose we have studied
extensively the conditions for obtaining crystals of optimal
quality.

A project started last year was the co-crystallization and
structure determination of antibiotic peptides complexed
with proteinases. The refinements of the cyclopeptide bac-
itracin and zinc-bacitracin in two different complexes with
the enzyme savinase and one with thermitase were finished
to high resolution. As a new project we successfully co-
crystallized the antibiotic actinomycin SG3, an anticancer
drug, with proteinase K. Data were collected at low temper-
ature (-120° C) and the structure interpretation is in progress.
The data collection and interpretation of a complex of gram-
icidin Sand savinase obtained in 1990 will be repeated at
low temperature: the refinement of the room tenlperature
structure is not yet complete.

On the conventional source we collected for the first time a
complex of an enzyme, savinase, with a substrate analogue
not covalently bound in the active site or substrate binding
region. The design of this synthetic inhibitor was based
on the structure of the antibiotic peptide bacitracin. The
structure analysis of a second homologue of this inhibitor
will be carried out next year. Both peptides were synthesized
and provided by P. Fittkau and K. Peters (University of
Halle). This is the first time that electron density for a
substrate/inhibitor in the S1' site close to the active site
of a proteinase has been observed. These two complex
structures will serve as model structures for possible kinetic
investigations using the Laue method.

In collaboration with the University of Halle and N. Genov
(Academy of Sciences of Bulgaria) a natural mutant of
subtilisin Carlsberg, subtilisin DY, was crystallized. 2.0 A
data were collected using synchrotron radiation and the
structure solved by molecular replacement. The refinement
of this structure fits into our program of native subtilisin
proteinases analysed at high resolution.

With T. Singh (All India Institute of Medical Sciences) a
collaboration was started on (a) complexes of dehydropep-
tides with specific proteinases, (b) the structure analysis of
a bifunctional proteinase inhibitor and (c) x-ray diffraction
studies of lactotransferrin. Crystals of satisfactory quality
were obtained for all three projects. Unfortunately due to
the delayed start up of the DORIS ring we were unable
to collect high resolution data to date. We plan to resume
these studies with T. Singh next year: his visit in 1991 was
supported by the Humboldt Foundation.

Crystals of the uncomplexed form of the leech inhibitor
eglin-C were obtained for the first time and data collected
to 2.0 A. The structure was solved by means of molecular
replacement, initially refined with XPLOR and subsequently
with the Konnert-Hendrickson package. The refinement will
be completed in the near future and the structure compared
to the complexed structures of eglin-C. The structure is of
considerable pharmaceutical interest.

Refinement of a bacterial trypsin-like
proteinase (Collaboration with S. Branner
(NOVO-Nordisk, Copenhagen))

The enzyme is a trypsin-like proteinase from Fusarium
oxysporum. Crystals were grown in the presence of diiso-
propylfluorophosphate. The crystals belong to space group
P21 with cell parameters a=33.4A, b=67.7 A, c=39.9A,
{3=1 07.6° . Data were collected on film to 1.8 A resolution us-
ing synchrotron radiation. The merging R-factor was 0.047
to 1.8 A.

The proteinase shows clear sequence homology to some
other serine proteinases, in particular to bovine trypsin
(43%) and trypsin from Streptomyces griseus (45%). How-
ever there are extensive regions without any apparent ho-
mology and there are several insertions and deletions. This
gave difficulties in refining the structure using complete
bovine trypsin as the starting model. In the end the following
procedure was used. A model was prepared based on
bovine trypsin. The side chains that differed were cut down
to alanine. The regions where insertions or deletions were
suspected from sequence alignment were deleted. A new
position was obtained by molecular replacement. The re-
sulting model was subjected to restrained-constrained least-
squares refinement using CORELS and then PROLSQ. The
R-factor was 35% for data between 6 A and 2.1 A.

Although only bovine trypsin gave a clear solution to the
molecular replacement procedure a model based on trypsin
from Streptomyces griseus with appropriate deletions was
aligned in a similar position to that initially obtained for
bovine trypsin. The model was refined as above. Phases
from the two models were combined and the resulting map
was interpreted. The rationale of using two starting models_
and then combining the information was to make use of
the fact that the homologous regions complemented each
other to some extent and that systematic errors typical of
molecular replacement would cancel out considerably. The
model resulting from interpreting the "combined" map was
77% complete and gave an R-factor of 29.6% between 2.1 A
and 6 A after 10 cycles of least-squares refinement. Further

195



refinement proceeded in the usual manner. The current
R-factor is 14.1% for all data to 1.8 A.

The EGF receptor (Collaboration with
W. Weber (Inst. f. Physiol. Chem.,
Univ. of Hamburg))

The structural analysis of an epidermal growth factor (EGF)
receptor:ligand complex was continued. This receptor is a
membrane glycoprotein composed of the external domain
of the EGF receptor and secreted by A431 human tumour
cells and plays an important role in normal and pathological
growth control. EGFR has three functional domains: an EGF
binding cell surface domain which is heavily glycosylated,
a transmembrane region, and a cytoplasmic domain with
tyrosine kinase activity. External ligand binding to the re-
ceptor stimulates internal tyrosine kinase activity. The 93 k
monomeric form of the external domain has an intact binding
site for EGF.

During 1991 we concentrated on improving the crystal qual-
ity of the EGF receptor complex. Improved crystal quality
was achieved in the presence of the ligand and more
uniform bound sugars. We were able to collect for the first
time 7 A data, using beam line X31. In 1992,' when X11
will be functional again, we hope to extend the data to
higher resolution as well as continue attempts to improve
the crystal quality. The search for heavy atom derivatives is
in progress.

Seed storage proteins: x-ray structural analysis
of narbonin, a 2S seed globulin from Vicia
narbonensis L (Collaboration with B. Schlesier
(Inst. f. Genetik und Kulturpflanzen, Gatersleben))

Legume seeds are an important protein source for human
beings and in animal feed, but the physical and nutritional
properties of these seeds do not conform precisely with
those demanded by the consumers. Biotechnology provides
a possibility whereby the properties of seeds might be
tailored specifically. The storage proteins have no enzymatic
activity, and simply provide a source of amino-acids for the
developing seedling. The storage proteins are divided with
respect to their molecular mass into 2S, 7S or 11 S globulins.
Narbonin, a 2S globulin, has one polypeptide chain with a
relative molecular mass of about 33,000.

Narbonin from Vicia narbonensis L. was isolated by
B. Schlesier. It crystallizes as large monoclinic needles.
The space group is P21 , with a=46.9 A, b=75.5 A, c=50.9 A,
{3=120.5°. 1.8 A data were collected from one crystal on
the X11 beam-line. The merging Rsym was 5.6%. A crystal
soaked in mercury acetate was used to collect 2.1 A data on
beam-line X31. This derivative produced very clear anoma-'
lous and difference Patterson maps from which three binding
sites were located. The remaining sites of this derivative
and all sites of the other derivatives were found by cross
phased difference Fourier syntheses. The phasing based on
the three derivatives resulted in an overall figure of merit of
71 % at 2.2 A. Four iterations of the Wang solvent flattening
procedure gave a slight improvement in the electron density
map.
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A ribbon plot of the Narbonin molecule, viewed down the axis of
the barrel.

Because of the lack of sequence information first of all only
alanine or glycine amino-acids were built into well-defined
parts of the electron density. A novel phase refinement
(V. Lamzin, unpublished) greatly improved the electron
density so that most of the side chains could be located
unambiguously. The current model contains 288 amino-acid
residues and 242 water molecules, with an R-factor of
16.8% and r.m.s. bond length deviation of 0.011 A. Most
of the primary structure was determined directly from the
electron density map.

Narbonin, a monomer with dimensions rv40 Ax40 Ax50 A
consists of an a/{3 barrel structure similar to that observed in
triose phosphate isomerase (Plate 76). Narbonin is the first
protein with this topology and-no known enzymatic activity.
This study was supported by the BMFT under contract
number 50QV90985.

In addition the structure analysis of members of a new family
of storage proteins was started with N. Genov (Bulgarian
Academy of Sciences).

Neurotoxins (Collaboration with A. Nickitenko
(Inst. of Crystall., Acad. of ScL, Moscow))

The refinement and interpretation of the a-cobratoxin from
Naja naja siamensis was completed previously in collabora-
tion with W. Saenger and colleagues of the FU, Berlin. This
structure has now been published. During 1991 the structure
of the homologous neurotoxin-1 from Naja naja oxiana was
refined and analysed in detail with Alexei Nickitenko, using
the cobratoxin coordinates as a starting model. The final
R-factor for neurotoxin-1 is 19.3% at 1.9 A. Both structures
will serve as models for binding and interaction studies with
the acetylcholine receptor. This work was supported by a
short-term EMBL fellowship to A. Nickitenko.



Catalase from Micrococcus Iysodeikticus at 1.5A
(Collaboration with G.N. Murshudov,
W.R. Melik-Adamyan &B.K. Vainshtein (Inst. of
Crystal I. , Russian Acad. of ScL, Moscow))

Catalase (EC 1.11.1 .6) catalyses the decomposition of hy-
drogen peroxide to water and oxygen. It contains a haem
group. The enzyme is present in all aerobic cells. The x-ray
structure of beef liver catalase has been known for some
years. The comparison of its three-dimensional structure
with that of the enzyme from Micrococcus Iysodeikticus will
provide information on functionally important and conserved
components.

Catalase from Micrococcus Iysodeikticus is a tetramer, with
a subunit molecular weight of about 60,000. It crystallizes
in space group P42212, with cell dimensions a=1 06.0 Aand
c=1 06.3 A. There is one subunit with a single haem group
per asymmetric unit. The crystals diffract well. Data for
the native enzyme and three heavy atom derivatives were
collected in Moscow. The starting phases for the structure
analysis were computed from these data by isomorphous
replacement· to give an average figure of merit of 0.64.
The resulting electron density was improved by solvent
flattening, and after five iterations the map was good enough
to allow interpretation of the structure. The polypeptide chain
was traced and some side chains could be placed. After 25
cycles of least-squares refinement the R-factor fell from an
initial value of 40% to 26%. The model was rebuilt. Native
data were recorded at EMBL H-amburg with synchrotron
radiation to a resolution of 1.5 A. Refinement and model
building were extended to 2.0 A in Moscow, and then to
1.5 A by Garib Murshudov in Hamburg. The structure has
been refined to an R-factor of 15% using all data between
8.0Aand 1.5 A, with excellent stereochemistry, and without
chemical sequence information. This work was supported
by a short-term EMBL fellowship to G. Murshudov.

Structure of two crystal forms of NAD-dependent
formate dehydrogenase (Collaboration with V.S. Lamzin,
V.O. Popov (Inst. of Biochem., Russian Acad. of ScL,
Moscow) & E.H. Harutyunyan (Inst. of Crystall.,
Russian Acad. of ScL, Moscow))

NAD-dependent formate dehydrogenase (EC 1.2.1.2., FDH)
from the methylotrophic bacterium Pseudomonas sp. 101
catalyses the oxidation of formate anion with concomitant
reduction of NAD to NADH. FDH is a dimer, with each
chemically identical subunit (393 residues) possessing an
independent active site. Two forms of FDH have been
crystallized: the apo enzyme in space group P21 , cell dimen-
sions a=11 0.5 A, b=54.5 A, c=70.3 A, {3=1 01.9°; the holo
enzyme (ternary complex with NAD and azide) in the space
group P212121 with cell dimensions a=116.0 A, b=113.3 A,
c=63.4 A. There is one dimeric molecule per asymmetric unit
both in the apo and holo forms. Data for holo FDH and its
heavy atom derivatives were collected in Moscow to 3.0A
resolution on a Syntex P21 diffractometer using a CuKa:
radiation source. High resolution native x-ray data for apo
(1.8 A resolution) and holo FDH crystals (2.05 A resolution)
were collected on the X31 beam-line.

The initial map of the holo structure was calculated using
MIR phases at 3.0 A resolution. The map was improved by
solvent flattening and molecular averaging. The model was
refined by the CORELS, PROLSQ and XPLOR packages.
The final R-factor is 13.9% in the resolution range from
"10 A to 2.05 A, with root mean square (r.m.s.) deviations
in bond distances of 0.026 A. The electron density is good
enough to clearly show the small azide inhibitor in the FDH
active centre (Plate 77). The FDH subunit is folded into a
globular two-domain (coenzyme and catalytic) structure and
the active centre and NAD binding site are situated at the
domain interface.

The apo FDH structure was solved by molecular replace-
ment using the holo model. Molecular replacement pa-
rameters were found independently for each domain. The
final R-factor is 16.9% in the resolution range 10A to
1.8 A. The last 21 C-terminal residues were found to be
disordered. The holo and apo FDH structures differ by a
rotation of the catalytic domains by 7° causing narrow-
ing of the enzyme active centre cleft typical for the de-
hydrogenases. The residues making up the active centre
are shifted nearer to NAD when FDH has been trans-
formed from the apo to holo form. This work was sup-
ported in part by an EMBL postdoctoral fellowship to
V.S. Lamzin.

A complex of carboxypeptidase A at 1.4A
(Collaboration with S. Mangani (Univ. of Siena)
& P. Orioli (Univ. of Florence))

The structure of carboxypeptidase A (CPA) has been known
for many years, being originally determined by W.N. Lips-
comb and coworkers. A number of inhibitor and substrate
studies have been carried out. The structure has been
previously reported at a nominal resolution of 1.54Awith
an R-factor of 19.0% (Rees, Lewis & Lipscomb, 1983). The
purpose of the present study is to determine the structure of
CPA and its complexes with inhibitors at the highest possible
resolution to correlate the structure with the physicochemical
properties of the enzyme being studied in Florence and
Siena. CPA crystallizes in the space group P21 with cell
dimensions a=51.6 A, b=60.27 A, c=47.25 Aand {3=97.27°.
On beam line X31 we collected 1.4A resolution data from
a single crystal of CPA complexed with the inhibitor phenyl
lactate. The merging R-factor on intensities was 5.4%, with
a completeness of 95.5%.

The starting atomic model of CPA from the Protein Data
Bank (5CPA) (Bernstein et al., 1977) has been refined
with PROLSQ. The refinement converged at an R-factor of
16.2% in the resolution range 7.0 A to 1.4 A. The model
contains 2,437 protein atoms (all 307 residues), one Zn ion,
12 atoms of the phenyl lactate and 184 water molecules.
The root mean square deviation of the (1-2) bond lengths
from their target values is 0.016 A.

The electron density for the phenyl lactate (PHL) could
be clearly seen on the first difference map calculated with
phases from the 5CPA model and using native structure fac-
tors measured in Hamburg. However the peak heights and
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PLATE 77

Stereo view of the FDH active centre near the azide binding site. The contour level shown is 0.8 of the r.m.s. density.

the high temperature factors for the atoms of the inhibitor
during the refinement suggest that the PHL has about
25% occupancy in the crystals. A substantial number of
residues in our present model show significant differences
from the 5CPA coordinates, e.g. many internal residues
have different (and correct) chirality in the new model.
This certainly reflects the advantages of the high resolution
accurate data available with an imaging plate scanner with
synchrotron radiation. To be certain that these differences
do not reflect real changes between the native and PHL
complex we have also recorded native CPA data to 1.5 A
resolution a(ld are presently refining the native enzyme
model.

The complex crystals certainly diffract beyond 1.4Aand we
plan to collect very high resolution data during 1992 when
beam conditions are sufficiently stable.

Oligopeptides (Collaboration with G. Sheldrick,
E. Pohl, A. Heine (Univ. of Gottingen))

Data were collected on two medium size oligopeptide struc-
tures, a cyclosporin derivative and SMS (a linear octapep-
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tide with a disulphide bridge). Both compounds had been
supplied to G. Sheldrick by Sandoz (Basel) after exhaustive
attempts had been made to solve them over a number of
years. The group at Sandoz had solved about 25 other
cyclosporins and have access to an Alliant supercomputer
running a prerelease of SHELX-·92. They had collected both
conventional 4-circle diffractometer data at room tempera-
ture (MoKaJ and FAST detector data (CuKaJ. G. Sheldrick
and colleagues had themselveti collected one SMS and
several cyclosporin data sets using quick cooling techniques
and MoKa radiation with real-time profile analysis, tech-
niques which have proved successful in many other small
molecule problems.

The SMS structure is large: for the probabilities of direct
methods phase relations and for the signal/noise ratio in
Patterson methods the critical factor is the size of the (prim-
itive) unit cell. With 21,766 A3 SMS is thus "more difficult"
than APP (15,442), crambin (16,838) or rubredoxin (19,184),
the three proteins for which 1A data are available. Both
APP and rubredoxin contain metal atoms (Zn, Fe) which
we believe play a major role in enabling these structures
to be solved by direct methods (G. Sheldrick has not yet



solved crambin this way). On the other hand, crambin can
be solved by Patterson interpretation via the location of the
three disulphide bridges, and SMS is very similar, so we
were reasonably confident of solving it. We have found three
independent molecules with an unexpectedly high solvent
content (ca. 20%). This accounts for the (so called) "water
ring" observed on the image. plates. SMS thus behaves in
many ways like a small protein with 24 residues, three S-S
bridges and 20% water in the asymmetric unit.

The synchrotron SMS data gave 10,547 unique data of
which 9,573 had F>4 a. The -800 MoKa 4-circle data had
only 4,358 out of 9,388 with F>4 a. The failure to solve
the structure with the 4-circle data is undoubtably due to the
inadequate resolution. Our standard test gave 432 observed
data out' of 2,094 possible in the range 1.1 Ato 1.2 A; we
do not expect to solve a structure by our "small-molecule"
methods when this figure is below 50%. For the synchrotron
data 1,675 reflections were "observed" in this range.

Cyclosporin is sma!ler and the low-temperature MoKa 4-
circle data looked fine, but exhaustive attempts had failed to
solve the structure by direct rnethods. With the synchrotron
data the structure fell out at essentially the first attempt,
and every atom was present in the best E-map. ·There are
some refinement problems associated with solvent disorder;
the current (anisotropic) R-factor is about 11%. We are still
trying to find an explanation for the failure of the diffrac-
tometer data and the success with the synchrotron data;
the current hypothesis is that the '2-(} minimum was too high
on the diffractometer - because it was suspected that the
low-temperature device could displace the beam stop, and
anyway we usually reject the very low angle reflections when
refining such structures. The synchrotron data set on the
other hand was remarkably complete at low angle, and it
may be that these low angle reflections play an important
role in the direct methods phase propagation (they enter
into many phase relations). For direct methods purposes
the accuracy of their measurements (they tend to suffer from
various systematic errors) is unimportant. The image plate
data had 4,906 unique data of which 4,535 had F>4 a; the
4-circle data set consisted of 4,431 unique data of which
4,230 had F>4 a. This problem is complicated by the fact
that a different crystal modification (which has a very similar
cell except that the c axis is doubled) can be formed if the
solvent etc. conditions are varied.

The conclusion is that the synchrotron plus image plate
combination is a good way to solve such structures.

Structure analysis of cobalamins
(Collaboration with G. Farber & C. Kratky
(lnst. f. physikal. Chemie, Univ. Graz))

The vitamin 812 coenzymes (cobalamins) are a class of bio-
logically important cofactors for enzymes catalysing radical
rearrangements. From a crystallographic point of view, 812
crystals are intermediate between "small-molecule" crystals
and crystals of biological macromolecules. Most 812 deriva-
tives have molecular weights around 1,500. Due to the large
number of polar side groups they crystallize from water upon
addition of a less polar solvent, and crystals always contain
a considerable number of water molecules, many of them

disordered. Like crystals of biological macromolecules, they
are mechanically fragile and sensitive to the loss of solvent.
Recently it was shown that it is possible to diffuse substrates
into 812 crystals and perform a solid state reaction at the
molecule's central cobalt atom without affecting the crys-
talline order. In the course of a systematic series of structure
determinations on 812 derivatives, we were interested in the
structure of aquocobalamin perchlorate, the 812 derivative
with a water molecule replacing the deoxyadenosyl residue
of coenzym'e 812.

Data for this compound (space group P212121, a=15.08 A,
b=23.89 A, c=23.53 A, 4 molecules of C62HgoN13010CoPCl
ca. 20 H20 per unit cell) were collected on a diffractometer
(MoKa radiation, graphite monochromated radiation from a
sealed tube, data set No.1) and using the same crystal
on an oscillation camera with imaging plate detector using
MoKa radiation from a sealed tube (data set No.2). In
addition a data set from another crystal was collected with
synchrotron radiation (A=0.65 A) using the imaging plate
detector (data set No.3).

In each case data were collected to a resolution of 0.8 A
yielding about 10,000 unique reflections (No.1: 10,205;
NO.2: 9,911; NO.3: 10,102). The two data sets collected
with the area detector yielded a much larger percentage of
significant (Fo/a(Fof24.0) reflections (No.1: 68.03%; No.2:
91.38%; No.3: 94.85%) than the diffractometer data, in spite
of the much larger data collection time for the latter (several
hours for No. 2 and No.3, about 10 days for No.1). A
model comprising about 650 parameters presently yields
a crystallographic residual of about 10.0% when refined
against each of the data sets with isotropic temperature
factors (No.1: 9.7%; No.2: 10.6%; NO.3: 10.1%).

However the large observation to parameter ratio with the
imaging plate data now permits the refinement of more
elaborate models (including anisotropic atomic temperature
parameters, alternate positions for the disordered solvent
molecules etc.), which is in progress, together with a de-
tailed comparison of the structural results of the three re-
finements.

Carnation mottle virus (CMV) (Collaboration with
A. Mikhailov, E. Morgunova (Acad. of ScL, Moscow),
D. Stuart & E. Fry (Univ. of Oxford))

In last year's report we described the collection of data to
3.5 Aresolution, 90% complete and with a merging R-factor
7.5% on intensities, from four crystals of the virus using
0.96 Awavelength radiation from beam-line X11. The total
data collection time was less than two twelve hour shifts.

D. Stuart, E. Fry and E. Morgunova working in Oxford have
now refined the structure of the virus starting from a (very
different) model of tomato bushy stunt virus (T8SV). The
model was refined and extended using non-crystallographic
symmetry. In spite of the considerable difference between
the T8SV starting model and CMV, the map after symmetry
averaging was excellent. The CMV model has now been
built into this density and the structure refined to an R-factor
of 17%.
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PLATE 78

Harker section W=1/2 of the anomalous difference Patterson of the
Pt derivative of CHM isomerase.

o

collected to 2.1 A resolution in collaboration with Zbigniew
Dauter and Keith Wilson. Data from two heavy atom deriva-
tives (including anomalous scattering measurements) were
also collected. The K2PtCI4 derivative had three sites and
proved a good derivative at medium resolution and data
to 3.7 A were used in the phasing. A Harker section of
the anomalous Patterson synthesis is shown in Plate 78.
The NaAuCI4 derivative proved to have two sites, both
with a low occupancy. 2.6 A data were collected for this
derivative at a low concentration of NaAuCI4, and 3.7 Adata
at a higher concentration. Phases have been obtained by
combining the information from all three derivative data sets.
An electron density map was calculated at 3.7 Aresolution,
and solvent flattening was used to improve and extend the
phasing to 2.6 A resolution. This resulted in a map which
was interpretable and model building is in progress.

Visitors' projects

There now follows a description of a small number of rep-
resentative visitors' projects.

Natural selection of enzyme specificity
(D.B. Wigley, 0.1. Roper, E.J. Dodson &
G.J. Davies (Dept. of Chem., Univ. of York, U.K.))

Data collection on projects from the University of
Groningen (W.G.J. Hoi &B.W. Dijkstra, Univ.
Groningen, the Netherlands)

From 8 to 10 November 1991, beam-time at the EMBL
Hamburg Outstation was kindly made available and a few
of our projects were able to benefit from this opportunity to
collect new data on protein crystals. Data were collected at
the X31 EMBL beam-line of the DORIS storage ring. Despite
warnings of possible problems, beam conditions turned out
to be stable and most of the projects could be carried out
as planned.

The first project was the soluble lytic transglycosylase (SLT)
from E.coli (A.M.W.H. Thunnissen, H.J.R. Rozeboom &
B.W. Dijkstra). SLT is a monomeric enzyme of 816 amino-
acids (Mr 70,000) located in the periplasmic space of the
bacterium. It is a murein hydrolase able to totally degrade
the cell wall to low-molecular weight muropeptides. SLT
is insensitive to the J3-lactam antibiotics and is an ideal
target for the development of a new class of antibiotics.
Our goal is to determine the three-dimensional structure
and to elucidate its catalytic mechanism. This might open
up possibilities for rational drug design towards an inhibitor
specific for bacteria.

@o
The data on the original images extended to 3.2 A, but due
to software limitations were only integrated to 3.5 A. The full
3.2 Adata have now been evaluated and will be introduced
into the refinement. Data will also be collected on another;
crystal form of CMV.

This project began in 1989 as a collaboration with
R.A. Cooper at Leicester University. The aim was to com-
pare the structures of the enzymes from a single metabolic
pathway, in which some steps involve very closely related
reactions, to see whether there were any similarities be-
tween the enzymes which catalyse these reactions which
might give us clues about their evolution. The degradation of
homoprotocatechuic acid by certain strains of E.coli involves
several steps. The substrates for two of these reactions
differ by a single carboxyl group which is removed in a
separate reaction between two isomerisations. The two iso-
merases show a strong specificity and will only act upon one
of the two substrates. We want to discover how the enzymes
are able to discriminate against the wrong substrate.

SLT crystallizes in the space group P212121 with a=80.5 A,
b=88.2 A, c=132.1 A. There is one molecule per asymmetric
unit and the crystals contain 630/0 solvent. The crystals
diffract weakly and are not very stable in the x-ray beam.
Native data were collected on the Groningen FAST area
detector system connected to a rotating anode generator,
87% complete to 3.1 A (Rsym of 5.2%) (Plate 79). The

MIRAS phase set extended to 3.5 A resolution
with an overall figure of merit of 0.59. Solvent flattening was
used to improve and extend the phases to 3.25Awhich
resulted in a map which was generally interpretable.

At the EMBL Outstation new native data were collected,
complete to 2.7 A resolution (Rsym is 7.6% at present).

Crystals of the CHM isomerase from the pathway have
been obtained. They are tetragonal, P41212, with unit cell
dimensions a=b=90.3 A, c=129.8 A, and contain one en-
zyme trimer in the asymmetric unit. Native data have been

These data will facilitate model-building and subsequent
refinement, although it may well be necessary to collect
higher resolution data for the heavy atom derivatives as
well.
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ATIll statistics

Rsym (on I) Fast

completeness Fast

Rsym (on I) Hamburg

completeness Hamburg

R·faetor between datasets

PLATE 79

The completeness of the SLT data recorded at Hamburg as a
function of resolution.
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The second project was human anti-thrombin III (H.A.
Schreuder, B. de Boer &W.G.J. Hoi). During the visit we
collected nearly complete 3.5 Adata. Although we nominally
had 3.5 A data from our in-house FAST detector, the new
data are significantly better. The completeness is much
higher and the Rsym is lower. The number of reflections went
from 9,300 for the FAST data to 14,162 for the synchrotron
data. The new data are now being used for the refinement
of the structure.

Data were also collected for the E2-component of the pyru-
vate dehydrogenase multi-enzyme complex (A. Mattevi, G.
Teplyakov-Obmolova &G.W.J. Hoi) and are currently being
evaluated.

The high resolution structure of porin (U. Abele,
A. Kreusch, U. Nestel, E. Schiltz, G.E. Schulz,
T. Wacker, J. Weckesser, W. Welte &M.S. Weiss
(Inst. f. Org. Chem. und Biochem., Albert-Ludwigs-
UniversiHit, Freiburg, FRG))

Porins are bound in the outer membranes of gram-negative
bacteria, mitochondria and chloroplasts. They form channels
through the membrane that allow passive diffusion for small
hydrophilic molecules. Typical exclusion limits are around
600 daltons. The analyses of two-dimensional crystals by
electron microscopy yielded a rough low resolution model of
these channels, which was extended to high resolution by an
x-ray diffraction analysis of three-dimensional crystals of the
porin of Rhodobacter capsulatus. The structure at a medium
resolution of 2.8 A was solved by multiple isomorphous
replacement. Using 99% complete native data (42,851 inde-
pendent reflections, 10A to 1.8 A), measured at the EMBL
Outstation, Hamburg, the structure could be refined to 1.8 A
resolution by simulated annealing. The final structure re-

vealed all atoms of the 301 amino-acids, the structure of the
channel, a binding site close to the channel, 3 Ca2+ ions,
4 detergent molecules and 274 water molecules. In contrast
to most other integral membrane proteins that are a-helical,
porin consists almost exclusively of sheet forming
a rather regular 16-stranded barrel.

The high resolution structure of cyclodextrin
glycosyltransferase (H. Bender, C. Klein,
K. Heeger, B.E. Hofmann, L. Nitschke,
G.E. Schulz &W. Vogel (Inst. f. Org. Chem. und
Biochem., Albert-Ludwigs-Univ., Freiburg, FRG))

There exists a small group of bacteria that degrade starch
to cyclodextrins using the excreted enzyme cyclodextrin
glycosyltransferase (CGTase, EC 2.4.1.19). The cyclodex-
trins have considerable technical applications. Mostly, they
are used as micro-encapsulators for stabilizing Iight- and
air-sensitive as well as volatile compounds, or for changing
the solubility properties of various kinds of compounds used
in the pharmaceutical, food, agricultural and cosmetic indus-
tries. The structure of one of th8se enzymes, the CGTase
from Bacillus circulans strain No.8, had been solved at a
medium resolution of 3.4 Aby multiple isomorphous replace-
ment. The analysis was extended beyond 3 Aresolution by
analysing further derivatives, one of them (K2PtCI4) at the
EMBL Outstation at Hamburg. Although the high quality of
the image plate data could not be fully exploited due to
a technical problem, they still improved the density map
to such an extent that the model could be successfully
refined.

For this refinement we applied the method of simulated
annealing using native data collected at the EMBL Out-
station Hamburg to 2.0 A resolution on film and on the
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image plate. The final native data set comprises 70,862
unique reflections in the range 10 A to 2.0 A, which is
96% complete. The final model contained all 684 residues,
2 Ca2+ ions and 588 water molecules. Part of the enzyme,
which contains a TIM barrel, turned out to be similar to
the a-amylases. This homology allowed the assignment
of the active site, which was later corroborated by site-
directed mutations. The known structure allows the mod-
ification of the enzymatic properties by structure-guided
mutations.
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The Outstation at the ILL, Grenoble

Introduction

The Grenoble Outstation of EMBL was originally established
on the site of the Institut Laue-Langevin (ILL) to promote
the use of neutron scattering in structural molecular bio-
logy. Over the years this role of the laboratory has been
maintained together with the development of a more solid
programme of in-house research in structural biology, mak-
ing use of not only neutron techniques but all the compli-
mentary methods required in modern research of this kind
(x-ray crystallography, electron microscopy, light scattering,
biochemistry and molecular biology). In the last few years,
with the founding of the European Synchrotron Radiation
Facility (ESRF) adjacent to the Outstation, emphasis is
being currently put upon building up expertise in applications
of synchrotron radiation to biology, in particular protein crys-
tallography. The aim is to participate, in collaboration with
the ESRF, in the conception and construction of synchrotron
beam-lines dedicated to biology and to provide facilities
for biological users of the beam-lines when the facility is
operational in 1994.

The Outstation is now organised into a group structure
in line with the rest of EMBL, although it is evident from
reading the following research reports, that many projects
cross group boundaries. The main areas of interest of the
Outstation are structure-function relationships in aminoacyl-
tRNA synthetases and viral proteins. In both these ar-
eas, a broad approach using techniques from molecu-
lar biology to x-ray crystallography, has led to important
new results in particular concerning seryl-tRNA synthetase
and influenza virus neuraminidase. In addition there are
groups working on the structure and dynamics of super-
coiled DNA and the interaction of RecA protein with DNA.
The diffraction instrumentation group is concerned with
new technical developments in the use of neutrons and
x-rays for protein crystal data collection, in collaboration
with our neighbouring international institutes, the Institut
Laue-Langevin and the European Synchrotron Radiation
Facility.
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Macromolecular crystallography and protein dynamics

Group leader: S. Cusack

Scientists: C. Berthet-Colominas, M. Fujinaga

Fellows: H. Belhrali*, V. Biou, W. Burmeister, N. Nassar*, T. Thuene

Visitors: A.D. Yaremchuk*

We are interested in using x-ray crystallography to obtain
atomic resolution structures particularly of RNA binding
proteins and viral proteins. Projects are usually in close
collaboration with biochemists and molecular biologists. The
dynamic aspect of protein structure-function relationships is
of special interest and techniques such as inelastic neutron
scattering, diffuse x-ray scattering and cryo-crystallography,
combined with molecular dynamics, are being used to give
experimental and theoretical insight into this problem.

X-ray studies of seryl-tRNA synthetase from E.coli
co-crystallized with its substrates: ATP & serine
(H. Belrhali & S. Cusack)

As described in last year's report, crystals of seryl-tRNA
synthetase from E.coli (SRSEC) had previously only been
obtained in the presence of a detergent, either impure
Pfansteihl octyl-glucoside (giving monoclinic crystals) or
pure ,B-hexyl-, ,B-heptyi-, or ,B-octyl-glucosides (giving or-
thorhombic crystals). This year, Stephen Price obtained
crystals of SRSEC in 45% ammonium sulphate, MES buffer
at pH 6.0, for the first time in the absence of any detergent.
These crystals are similar to the original monoclinic form but
with very slightly changed cell dimensions. They offer hope
for the study of the small substrates (e.g. ATP and serine)
bound in the active site of the enzyme, previously thought
to be blocked by a tightly bound detergent molecule.

Data have been collected using the FAST area detector
at the CNRS in Grenoble on two detergent-free crystals:
(a) to 3A resolution on a crystal grown in the presence of
50 mM ATP and (b) to 2.7 A resolution on a crystal grown
in the presence of 10 mM AMP-PCP (non-hydrolysable
derivative of ATP) and 10 mM serine. For both sets of
data, difference maps revealed extra density in the position
previously assigned to the bound detergent molecule but of
a significantly different shape. However the exact interpre-
tation of this density is still unclear, as even after refinement
with XPLOR (to an R-factor of 19.6% for all data between
2.75 and 8 Afor the second dataset), in neither case is there
any density for the phosphates. Furthermore although the
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adenine ring is well-fitted by the density, that for the ribose
is less convincing (both in the 2' -endo or 3'-exo conforma-
tions). These results clearly need pursuing further, but are
reminiscent of the situation with tyrosyl-tRNA synthetase
where the phosphates of ATP, AMP and AMP-PCP were
never observed and presumed disordered or hydrolysed
(Monteilhet & Blow, 1978).

X-ray studies of orthorhombic crystals
of seryl-tRNA synthetase from E.coli
(N. Nassar, H. Belrhali & S. Cusack)

The orthorhombic crystal form of seryl-tRNA synthetase
grows in the presence of pure ,B-heptyl-glucoside and
about 45% ammonium sulphate and the cell-dimensions
(a=129.7 A, b=151.7 A, c=68.5 A) suggest that the asym-
metric unit contains a non-crystallographic dimer. The crys-
tals are very radiation sensitive, only grow to a maximum
thickness of 60-100 microns and hence diffract weakly.
Using three crystals, a dataset 94% complete at 5A res-
olution (5,293 independent reflections, Rmerge=0.15) was
collected using the FAST area detector at the CNRS in
Grenoble. Using the refined co-ordinates of the SRSEC
dimer as search model, the rota.tion function gave signif-
icant peaks (5.4 0-) for the molecular orientation. Since
the exact orthorhombic space-group was initially uncertain
(P222, P21212, P2122, P212121), the translation function
was calculated for all possibilities using the program BRUTE
(Fujinaga &Read, 1987). Eventually the solution was found
in space-group P212121 with a correlation maximum of 0.61
(11.5 0-) for data in the range 5-10 A. Difference electron
density maps of this solution clearly showed that the long
helical arms of the synthetase had significantly changed
their orientation (otherwise they would clash in the crystal).
Rigid-body refinement was therefore undertaken with the
program XPLOR using four independent groups (the two
globular domains and the two helical domains of the dimer).
This converged to a convincing model with an R-factor of
34.2% (all data 5-10 A) and satisfactory crystal packing,
in which the helical arms have rotated significantly in an
asymmetric manor.



PLATE 80

Superposition of the structures of the seryl-tRNA synthetase from
E.coli and from T. thermophilus. The molecule from E.coli is shown

This result, taken with similar results from the same syn-
thetase from Thermus thermophilus (see below), shows
conclusively that the helical arm of seryl-tRNA synthetase
can rotate with a large amplitude about a hinge close to the
globular domain. This motion probably occurs in solution in
the absence of substrates but the arms presumably take
up a preferred orientation upon binding of tRNA. In the
crystal the arm orientation is determined by crystal packing
constraints.

Refinement of the structure of seryl-tRNA syn-
thetase from Thermus thermophilus (M. Fujinaga)

The structure of the seryl-tRNA synthetase from T. thermo-
phi/us has been refined at 2.5 A resolution. The molecule
crystallizes in space group P21 with cell parameters,
a=87.03 A, b=127.46 A, c=63.37 A, {3=1 08.9° C with a com-
plete dimer in the asymmetric unit. The structure was initially
solved by molecular replacement, using as the model the
refined structure of the corresponding enzyme from E.coli
(see last year's report). The progress of the refinement has
been very slow due to the lack of primary structure informa-
tion. To avoid model bias, the starting model consisted of
poly-alanine chains. Side chains were added only as they
became visible in the electron density map. Various methods
were tried to improve the phases. Solvent flattening did not
lead to an improvement, as expected since the use of an
atomic model for phasing already implies flattening of the
other parts of the crystal. Averaging of the two molecules
in the asymmetric unit also did not help much in the region
of the long helical arm. In retrospect, this is explained by
the fact that the two arms are not related by the two-fold
axis. A method that was reasonably successful was the
solvent flattening of a difference map. The general utility
of such a method still needs to be verified. In the end,
what lead to the successful refinement of the structure
was not any special techniques but repetitive application

with thick lines and the two molecules from T.thermophilus is shown
with thin lines and with dashed lines.

of refinement by molecular dynamics (MD) interleaved with
manual reinterpretation of the model. Obviously, in cases
such as this, MD refinement will not perform very well as
there are missing atoms in many regions and too many
atoms in other places. Progress made during the manual
refitting involved a high level of pattern recognition and it is
difficult to see how this process can be automated.

Currently, the model consists of two independent chains of
about 400 residues each. The R-factor is 28% for data to
2.5 A resolution. The length and the sequence of the two
chains have not been constrained to be the same. This
allows for an internal check on the sequence obtained from
the electron density map. The sequence is in agreement in
many places that are conserved between the E.coli and
yeast sequences. The places where the two sequences
differ greatly are located on the surface of the enzyme where
the sequence determination by x-ray diffraction is difficult.
There are small regions of sequence obtained by peptide
sequencing of cyanogen bromide fragments and these cor-
respond reasonably well with the sequence obtained by
x-ray diffraction. About 50 residues at the N-terminus have
also been sequenced but the quality of the electron density
in this region is poor and it has been possible to fit the
sequence convincingly into the map.

Plate 80 shows the superposition of the structures of the
seryl-tRNA synthetase from E.co/i with the two molecules of
the enzyme from T.thermophilus. The two molecules from
T.thermophilus can be superposed with an r.m.s. deviation
of 1.1 A for 363 Co atoms whereas 338 Co atoms of the
E.coli enzyme superpose with the T.thermophi/us enzyme
with an r.m.s. deviation of 1.5 A. There are two major regions
where the two enzymes differ; the extended loop around
residue 225, extending up from the globular domain in the
figure, and the helical arm. The loop, which is involved in
the dimer interactions, is much shorter in the T. thermophilus
enzyme and does not extend as far into the other molecule
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as in the case of the E.coli enzyme. The helical arm is also
shorter in T.thermophilus and has two different conforma-
tions in the crystal. One of the conformations is quite similar
to the one found in E.coli. In the molecule with the different
conformation, the tip of the helical arm is involved in crystal
contacts and thus the changed conformation is likely to be
due to intermolecular interactions. As the position of this arm
is similar in the other molecule and in the E.coli enzyme,
and it lacks crystal contacts in the T.thermophilus crystal,
this conformation probably corresponds to an equilibrium
position.

The refinement of the structure has reached a point where
there will be very little improvement without the sequence.
Thus the refinement will be resumed when the complete
sequence is available.

Low temperature crystallography and the
analysis of the thermal diffuse scatter of
x-rays in crystals of seryl-tRNA-synthetase
from E.cC}/i (T. ThOne &S. Cusack)

With the arrival of an Oxford-cryosystems crystal cooling
apparatus it has now become routine to freeze success-
fully monoclinic crystals of seryl-tRNA synthetase to about
100 K using glycerol as cryo-protectant, while preserving
high resolution diffraction (at least 2.3 A). In the absence
of synchrotron beam time, a complete data set was col-
lected at the Hamburg Outstation of EMBL using the same
cooling system, a sealed tube x-ray-generator and a Mar-
Research image plate detector. The data collection required
5 days of exposure during which time the crystals did not
show any significant decay in diffraction quality. The cell
dimensions measured in the monoclinic body-centered cell
(1121) are a=129.3A, b=86.7 A, c=69.2A, ,B=92.1°C and
the crystal mosiac was about 0.5° C. Data were integrated
to 2.3 A using the improved MOSFLM package of Andrew
Leslie (MRC Cambridge) giving 29600 unique reflections to
2.3 A (Rmerge=0.11). Using the room temperature model,
refinement was carried out with XPLOR initially at 2.6 A
resolution, where the R-factor is now 19.4% using average
profiled intensities and all reflections. Although the two major

disordered loops (residues 221-229 and 271-279) remain
disordered at low temperature, about 200 water-molecules
have been placed (compared to 95 at room temperature).
Another difference is a small rotation of the N-terminal
helical arm about an axis near to the globular domain which
corresponds to a hinge motion of this segment. This motion
corresponds to a small opening of the arms of the dimer
and explains why the a-axis of the unit cell increases while
the b-axis decreases (compared to room temperature), al-
though with no apparent change in the nature of the crystal
contacts.

We are continuing to develop programs to simulate ther-
mal diffuse scattering from different sources of correlated
displacements in the crystal (e.g. normal modes, rigid-body
domain motion, phonons, static lattice distortions). Prelim-
inary measurements to analyse the diffuse scattering due
to lattice distortions have been made using precession pho-
tography at LURE (in collaboration with Drs. J.-P. Benoit &
J. Doucet). Since hinge-bending displacements of the helical
arm have already been observed (see above) and are
likely to be important in functional interactions between the
synthetase and the tRNA, we are using molecular dynamics
to model this motion (in collaboration with Dr. J. Smith,
Saclay). Measurements as a function of temperature using
cryo-crystallographic methods will be essential to determine
whether any of the observed diffuse scattering has a dy-
namical origin.

Crystals of the complex between seryl-tRNA
synthetase and tRNAser from Thermus
thermophilus (A. Yaremchuk (Kiev),
M. Tukalo (Kiev), V. Biou, C. Berthet-Colominas
& S. Cusack)

Three crystal forms of the complex between seryl-tRNA syn-
thetase and tRNAser from Thermus thermophilus have now
been characterized. They all grow in 28-32% ammonium
sulphate, sometimes in the same drop. The presence of
tRNA in the crystals has been confirmed by gel analysis of
washed crystals. Table 4 gives details of the three crystal
forms.

Table 4

Form Shape Spacegroup Cell dimensions( A) Vm Diffraction limit
I Bipyramid P41212 a=b=127.3 6.3 5-0 A

c=467.0

II Square prism P41212(?) a=b=100.9 4.0 5-6 A
c=471.0

III Wedge C2 a=211, b=127 6.5 4A
c=197, ,B=132.4°C

Data on the tetragonal form I crystals have been col-
lected to low resolution on the FAST area detector at
the CNRS in Grenoble and on film and image-plate on
the wiggler beam-line DW32 at LURE (in collaboration
with Prof. R. Fourme). Using a dataset of 3116 reflec-
tions to 8.5 A resolution (Rmerge 13%, 86% complete) we
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have tried to solve the structure by molecular replace-
ment using as search models the currently best available
atomic model of the seryl-tRNA synthetase from Ther-
mus thermophilus (see above) and a model tRNASer of
E.coli (built in collaboration with Dr. E. Westhof, Stras-
bourg).



PLATE 81

Structure of influenza B neuraminidase
and its complex with sialic acid
(W.P. Burmeister, R.W.H. Ruigrok &S. Cusack)

(b)
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(a) Rotation function values as a function of angle set (in decreasing
order of significance). (b) Patterson correlation function values after
refinement of each orientation shown in (a).
-0.18

o 4 8 12 16 20
angle set Dumber

chains on glycoproteins and glycolipids. This activity is
thought to be essential to maintain virus mobility, especially
during escape of progeny virus from an infected cell. The
enzymatically active part of the enzyme can be released
by tryptic digestion leading to a homotetramer of Mr 200 k
which could be crystallized (Burmeister et al., 1991). The
structure was solved de novo by the method of multiple iso-
morphous replacement and was refined to 2.2Aresolution
using the XPLOR program (Burmeister et al., 1992). The
final model contains two crystallographically independent
subunits of 390 amino-acids each as well as two N-acetyl
glucosamine residues, 2 calcium ions and 446 well defined
water molecules. The R-factor of the final model is 14.8%
using all non-zero reflections between 7 and 2.2 A resolu-
tion. R.m.s deviations of bond lengths are 0.016 A and of
bond angles 3.1 0 C.

To determine the mode of binding of the reaction product
in the active site, sialic acid was soaked into crystals and
measurements made on a rotating anode x-ray generator
equipped either with a FAST detector (CNRS Grenoble) or a
Mar-Research image plate detector (in-house). These data
have now been refined to 2.8 Ar€30lution and clearly show
how the sialic acid is bound in the middle of a rigid network
of conserved residues, as judged by the low temperature
factors and the absence of significant movements upon
sialic acid binding. Each of the sialic-acid sidegroups is
specifically recognized. The conformation of the bound sialic
acid in neuraminidase, in which the carboxyl group is equa-
torial, is different from sialic acid bound to heamagglutinin
or to wheat germ agglutinin which have the carboxyl group
in an axial position.

The overall structure is very similar to the already known
structure of influenza A neuraminidase, showing the char-
acteristic fold of 6 propellor-like 4-stranded antiparallel
,B-sheets (see Plate 82).
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The molecular replacement problem for the protein alone
was solved unambiguously, despite the low resolution data
available, using the XPLOR option of Patterson correlation
(PC) refinement (Brunger, 1990) of the top fast rotation
function peaks followered by a translation search using
BRUTE (Fujinaga &Read, 1987), in the two possible space-
groups P41212 and P43212.

Steps in the determination of the orientation of the seryl-tRNA
synthetase dimer within the tetragonal crystals of the synthetase-
tRNA crystals.

3 • 3 .........__-r--or---r--r- ....---......__-r--....---r--..--..,........

3.05

3.15

Plate 81 a shows the highest peC}ks found for the rotation
function. Each of them corresponds to a set of Euler angles
describing the orientation of the model. Plate 81 b shows the
PC function values after refinement. Each orientation with a
PC value higher than 0.13 was tried in a translation search,
in both possible space groups. The highest rotation peak
(#1), only gave the fourth highest PC value. However, only
this refined orientation gave a significant correlation peak
for the translation search, with space group P41212. The
translation peak has a correlation of 0.39 (4 (J above the next
peak). The crystal packing for this solution is very plausible,
protein dimers having good contacts in the ab plane, but
none in the c-direction. This would give rise to a structure
with alternating protein and tRNA layers in the long c-axis
direction of the crystal. A tentative orientation and position
for one tRNA molecule has been found by rotation and
translation search. This is being explored further by rigid-
body minimization using XPLOR, with two tRNAs (related by
the same non-crystallographic symmetry as the protein) and
one protein dimer, splitting the tRNA molecules into groups
to take into account possible hinge-like movements. Very
recently a complete dataset to 4.5 A resolution have been
collected on the monoclinic form III crystals and structure
determination is in progress.

3.25

Neuraminidase is one of the two surface glycoproteins of
influenza A and B viruses. It catalyzes the removal of
terminal sialic acid, the viral receptor, from carbohydrate

In the course of the refinement an unexpected calcium
binding site was found. By sequence alignments it could be
shown that it is a feature of all influenza neuraminidases.
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PLATE 82

Ribbon diagram of the influenza B/Beijing neuraminidase
tetramer looking down the four-fold axis. In the top-right
subunit, arrows indicate the tightly bound calcium ion
and the bound sialic acid. A less strongly bound calcium
ion is found on the 4-fold axis.

With an octahedral coordination involving 4 backbone oxy-
gens and three different loops it represents a new kind of
calcium binding site. It is located close to the active site, but
not directly in it, suggesting a structural and not a catalytic
role. Soaking experiments revealed an additional calcium
binding site on the 4-fold axis of the tetramer which was also
the major metal binding site in the heavy metal derivatives.

We were able to abolish neuraminidase activity, as mea-
sured using the small trisaccharide substrate sialyl-lactose,
by dialysis of neuraminidase against a metal binding ion-
exchange resin (Chelex 100). This inactivation was presum-
ably due to removal of Ca++ and activity could be restored
upon the addition of calcium. The midpoint of this reacti-
vation corresponds to a Ca++ concentration of 6 mM with
a very steep transition indicating a cooperative effect (see
Plate 83). Reactivation of neuraminidase was also possible,
but to a somewhat lower extent, by other ions such as Mg++ ,

Sr++, Ba++, Eu3+ but not with Zn++ or K+. Work on a more
detailed characterization of this transition from inactive to
active neuraminidase is still going on using spectroscopic
and crystallographic methods.

A new triple-helical model of the
adenovirus fibre (P. Stouten &C. Sander
(EMBL Heidelberg), R. Ruigrok &S. Cusack)

The adenovirus fibre is a trimeric protein consisting of a
globular head, carrying the viral receptor binding site, on a
long thin shaft, that projects from the twelve five-fold vertices
of the virion. The shaft region of the fibre primary sequence
exhibits a unique pseudo-repeating motif of 15 residues. Us-
ing constraints derived from sequence analysis, the trimeric
nature of the fibre, the experimental determination of the
shaft length and general knowledge about protein structure,

Reactivation of Neuraminidase

PLATE 83

Reactivation of Ca++-free neuraminidase by ad-
dition of Ca++. The experimental data (squares)
of relative enzyme activity is shown with the-
oretical curves derived from two simple mod-
els. Model 1 (dashed): The tetramer consists of
four independent subunits: NA (inactive) + Ca++

NACa (active). Model 2 (solid line): The
activation of the tetramer is highly cooperative:
NA4 (inactive) + 4 Ca++ NA4Ca4 (active).

Model 1
Model 2
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an atomic model of the fibre shaft has been constructed
by modelling techniques (see last year's report of Chris
Sander's group). In the final model the three monomers form
a triple helical structure with three-fold symmetry, succes-
sive 15 residue repeats on the same chain being related by
an axial rise of 13.1 Aand an azimuthal rotation of close to
300 0 C. Three three-fold related ,8-sheets with short strands
are formed by inter-monomer main-chain hydrogen bonds
giving rise to superhelical ribbons covering the surface of
the shaft. The model satisfies criteria of extensive hydrogen
bonding, allowed backbone torsion angles, burial of most
hydrophobic residues and good packing of the hydrophobic
core. Furthermore the model correctly predicts the observed
shaft length of about 290 A and its calculated x-ray fibre
diffraction pattern shows the characteristic features found in
the diffraction pattern of crystals of fibre, notably layer lines
with a spacing of about 1/26.2 A-1 and strong meridional
intensity on even order layer lines, in particular at 1/4.4 A-1
(1=6). That the true repeat is 26.2 A, Le. twice the repeat
per motif, follows from the trimeric nature of the fibre and
the azimuthal rotation per motif of -60 0

• This work has been
submitted to J. Mol. BioI. for publication.
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Protein biosynthesis

Group leader: R. Leberman

Scientists: M. Hartlein, K.S. Larsen*

Fellows: J. Anselme*, E. Bates, F. Borel, L. Ferri*, T. Kawashima, C. Taupin*,

Visitors: C. Scholz*, M.A. Tukalo*, T. Veronese*, J. Willison*, A.D. Yaremchuk*

Assistants: M-T. Dauvergne, D. Madern*, S. Price, C. Vincent*

Elements of protein biosynthesis

Although the main thrust of our programme remains the
study of bacterial components, our studies of seryl-tRNA
synthetase are being extended to the enzyme of yeast in
collaboration with Drs. Weygand-Durasevic and S611 of Yale
University, and in-house to those of mammalian mitochon-
drial and cytosolic sources (C.Taupin)

Over-expression of tRNA genes
(F. Borel, R. Leberman & M. Hartlein)

Synthetic genes for tRNA2ser, amber suppressor tRNA
(which differs from tRNA2ser only in the central base of the
anticodon loop), and tRNAasn were constructed by assem-
bling 6 or 7 overlapping oligonucleotides. These genes were
inserted between a strong promoter and a synthetic tran-
scriptional terminator to ensure the production of a transcript
of the correct size. To avoid stability problems, probably
due to expression from a multicopy plasmid, we recloned
the insert containing promoter, gene and terminator into
pOU71 a conditional runaway replication plasmid. Below
37°C this vector has a low copy number, but following a
temperature shift to 42°C the copy number is no longer
regulated and can reach 1000 copies per cell. For the
expression of tRNA, the cells were grown in LB medium,
containing 50 mg/ml ampicillin, to an A540=1. Then a further
quantity of LB medium at 45°C equal to 60% of the volume
was added to the culture. After two hours incubation at
43°C the temperature was reduced to 37°C and further
incubated for 30 min. This induction protocol resulted in
the production of tRNA at about 20 times the level of the
wild-type tRNA pool (for serine or asparagine) as measured
by aminoacylation.

For tRNAser purification, a crude ribonucleic acid extraction
was first performed on the bacterial lysate using ultra-
centrifugation (to remove ribosomes) and phenol extrac-
tion followed by two isopropanol precipitations. The final
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precipitate, containing mainly tRNA, was then fractionated
on BAPPS (N,N'-bis(3' -aminopropyl)-piperazine substituted
Sepharose (Leberman et al., 1974)). The pool, from this
column, of tRNAser activity was about 60-65% pure. The
sample was then fractionated by hydrophobic interaction
chromatography on a phenyl-superose HR 10/10 FPLC
column. This column gave two major peaks with tRNAser
activity. These two peaks seem to be due to the presence or
the absence of a modification on the base A37 of the tRNA.
The yield of pure tRNA obtained was approximately 15 to
20 mg from 40 g of bacteria with an amino-acid acceptance
activity of 1100 pmols serine per A260 unit.

Study of structure-function relationship in the
E.coli seryl-tRNA synthetase (SRSEC) by
site-directed mutagenesis (D. Madern,
S. Price &M. Hartlein)

SRSEC is composed of 2 identical subunits each containing
430 amino-acids. The N-terminal domain (residues 24-102)
is an arm-like structure made of two a-helices. The core is
built out of 7 anti-parallel J3-strands forming a pocket, the
putative active site of the enzyme. At present no crystals
of complexes between SRSEC and its substrates (serine,
ATP, tRNAser) are available. To define parts of the enzyme
involved in the binding of the different substrates and those
residues involved in catalysis, a programme to construct
site-directed mutants and deletion mutants of SRSEC is
underway.

Some synthetase mutant proteins cannot be expressed in
their native forms probably due to regulation or stability
problems and have to be expressed as fusion proteins with
J3-galactosidase using the pAX vector system (Markmeyer
et al., 1990). The fusion protein in the crude extract or in
its purified form can then be cleaved by factor Xa releasing
the synthetase part. This technique should then permit us
to express mutant proteins efficiently and to quantify their
expression. Thus the fusion protein with wild-type SRSEC



has the same aminoacylation and pyrophosphate exchange
activity as the native enzyme.

Mutant proteins were expressed in this way and unfraction-
ated bacterial extracts characterized. Total loss of both the
aminoacylation and ATP-pyrophosphate exchange activities
occurs for the mutation of universally conserved residues of
motif 1, 2 and 3 of class II synthetases (Eriani et al., 1990),
Le. the mutations proline-196 to arginine (motif 1), arginine-
268 to histidine and glycine-280 to valine (motif 2) and the
mutation arginine-397 to glycine (motif 3). Interestingly only
the P196R mutant protein can be expressed in its unfused
form.

The fusion protein between ,8-galactosidase and SRSEC
with residues 1-97 deleted had no aminoacylation but (re-
duced) ATP-pyrophosphate exchange activity, indicating the
importance of the N-terminal arm structure for aminoacyla-
tion. A further internal deletion mutant of this domain was
constructed by site-directed creation of a Stul restriction site.
After deletion of a Stul-Nrul fragment and religation the re-
sulting clone expresses a truncated SRSEC where the long
helices 3 and 4 (residues 35--97) of the arm-like structure
are replaced by a glycine. The mutant enzyme has wild-type
ATP-pyrophosphate exchange activity but no arninoacyla-
tion activity. It can be expressed in large amounts in an
unfused state.

These results are consistent with the a-,8 core structure as
the catalytic domain and the N-terminal coiled-coil structure
as (part of the) tRNA binding domain. The mutant enzyme
has been purified to homogeneity and characterization and
crystallization studies are underway. We anticipate that this
construct may be used for the expression of further mutants
with modified amino-acid specificities since the possible
toxicity of mis-acylation could be avoided.

Characterization of chromosomal
temperature-sensitive serS mutants
(L. Ferri, C. Scholz &M. Hartlein)

An alternative approach to study structure-function relation-
ship and expression is the characterization of chromosomal
temperature-sensitive (ts) mutants and revertants. These
serS mutants were generated by chemical mutagenesis. A
so-called thymidine-less death procedure was used to select
for ts mutants in genes involved in protein biosynthesis.
Out of these mutants serS ts mutants were obtained by
screening.

We have characterized three serS mutants K28, KL283
and KL229. K28 was also used to clone the gene by
complementation. This mutant is temperature-sensitive due
to a defect in expression of the mutant enzyme at non-
permissive temperature. KL283 is a revertant of K28, which
over-expresses the mutant synthetase (serO mutation) and
KL229 is a ts-mutant due to a thermolabile synthetase.
The genes have been amplified by PCR and then cloned
and sequenced (several independent clones). In K28 and
KL283 histidine-386 of motif 3 is replaced by a tyrosine
(the leucine-204 glutamine replacement in K28 reported
last year was a PCR artefact). Cloning of the KL283 sera
region has been started. In KL229 glutamine-404 of motif3

is replaced by a lysine. This mutation causes a temperature-
sensitivity in growth due to a thermolabile synthetase. Large
scale protein purifications of the mutant proteins for kinetic
characterization and crystallization trials have been started.

Site-directed mutagenesis and amino-acid
specificity of E.coli seryl-tRNA synthetase
(J. Willison, M. Hartlein & R. Leberman)

Site-directed mutagenesis of the E.coli seryl-tRNA syn-
thetase gene has been undertaken with the goal of identify-
ing the amino-acid residues responsible for the recognition
and binding of serine. Two criteria were used to select
appropriate target residues for mutagenesis; amino-acid
residues known from the three-dimensional structure to be
exposed at the putative active site, and amino-acid residues
conserved between seryl-tRNA synthetases from different
organisms but not conserved between class 2 aminoacyl-
tRNA synthetases with other amino-acid specificities (Cu-
sack et al., 1991).

Site-directed mutagenesis was carried out using the double
PCR method (Kammann et al., 1989; Herlitze & Koenen,
1990) using pSer2-1 (2.0 kb EcoRI-Hindlll fragment con-
taining the entire SRSEC gene, cloned into pUC18) as
template. After the second PCR reaction, the linear PCR
product was digested with appropriate restriction enzymes
and the fragments (660-700 bp), containing the mutation,
were cloned into pSer2-1 from which the corresponding
wild-type fragment had been removed. Clones were initially
tested for the presence of the required mutation by DNA
sequencing and the entire sequence of the cloned fragment
was then checked.

In three mutation experiments, respectively 6/6, 1/2 and 4/6
clones were found to contain the mutation. In the initial
experiment, two clones were found to contain an additional
mutation close to the first resulting in a double amino-acid
substitution. The mutations so far carried out are Arg-
279---7Trp, Arg-279---7Trp and Thr-278---7lle, Arg-279---7Trp
and Met-284---7Val , Glu-355---7Gln, and Ser-360---7Thr. Sub-
sequent work will be directed towards expressing the mutant
proteins and examining their enzymatic properties.

Structure-function relationship in E.coli
asparaginyl-tRNA synthetase, NRSEC
(J. Anselme, D. Madern &M. Hartlein)

Site-directed mutagenesis of the asnS gene were carried out
on the conserved C-terminal motif 3 (Anselme & Hartlein,
1991). The replacement of tyrosine-426 by serine results in
a 15-fold increase in the Km for ATP, while all the other
kinetic parameters remain unchanged. The replacement of
this tyrosine by phenylalanine does not affect the kinetic
behaviour of the enzyme. These data indicate that Tyr-426
is involved in ATP binding.

The importance of conserved motif 3 glycines has recently
been demonstrated by Gatti & Tzagoloff (Gatti & Tzagoloff,
1991) for in vivo activity of yeast mitochondrial lysyl-tRNA
synthetase. In the same paper the authors describe also
a significant homology in motif 3 between E.coli aspartyl-
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tRNA synthetase and the ammonia-dependent asparagine
synthetase from the same organism.

Another means has been used to identify residues important
for amino-acid binding: Escherichia coli K12 mutant gene
asnS40 coding for asparaginyl-tRNA synthetase (NRSEC)
in the asparagine concentration-dependent temperature-
sensitive strain H0202 was isolated from genomic DNA us-
ing PCR. DNA sequencing revealed that the mutant enzyme
differs from the wild-type NRSEC by two amino-acids, but
only the P231 L replacement leads to a change in aminoa-
cylation activity. In the ATP-PPi exchange reaction at 37°C
the purified P231 L enzyme has a more than 50-fold in-
creased Km value for asparagine compared to the wild-type
enzyme, while the Km value for ATP is 8-fold increased.
In the aminoacylation reaction the mutant enzyme shows
also significantly increased Km values for asparagine and
ATP. Interestingly proline-231 is part of the conserved motif
2 in class II aminoacyl-tRNA synthetases, indicating that this
motif might be involved in all class II enzymes in amino-acid
activation.

Complexes of E.coli seryl-tRNA synthetase and
tRNAs (S. Price & R. Leberman)

Crystallization trials on wild-type and mutant seryl-tRNA
synthetases complexed with tRNA are continuing. tRNAs
being used are tRNAselcys and tRNAser isoacceptors; the
former isolated from over-expressing bacteria and the latter
from commercial total E.coli tRNA. The advantage of the
availability of large quantities of wild-type SRSEC has been
used in the first step of the tRNA fractionation: enzyme
added to the total tRNA mixture complexes cognate tR-
NAs and these are then simply separated from bulk tRNA
by gel filtration. The complex is next dissociated on an
anion-exchange column and the protein and nucleic acid
components recovered. The tRNA fractions are then further
processed on a BAPPS (Leberman et al., 1974) column
and finally by hydrophobic interaction chromatography on
an FPLC phenyl-superose column to produce material with a
minimum serine acceptance value of 1100 pmole/A260 unit.

Since initial crystallization trials of complexes produced
crystals which turned out to be of the enzyme alone with
extensive degradation of the tRNA, sample of both enzymes
and tRNAs are stored in the presence of RNase inhibitors.
The positive aspect of these trials was the information that
native SRSEC could be crystallized at another buffer condi-
tion without the requirement for detergent. Further crystal-
lization trials of synthetase:tRNA complexes are currently in
process.

Identity of Thermus thermophilus HB8
(M.-Th. Dauvergne, E. Bates & R. Leberman)

The structure of seryl-tRNA synthetase from what is be-
lieved to be Thermus thermophilus HB8 has been deter-
mined to a resolution of 2.5 A (see 1990 report) but re-
finement of the structure is difficult due to the absence of
total sequence data. Our attempts to sequence the gene
(see other report) were blocked by the apparent nega-
tive results of probing DNA obtained from one sample
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of T.thermophilus. When other samples of. T.thermophilus
were obtained from various sources it became apparent
that they were not all of the same bacteria. These vari-
ous bacterial samples have been characterized and com-
pared against a sample of T.thermophilus HB8 obtained
from the Deutsche Sammlung von Mikroorganismen (DSM).
The results of this study showed that most samples of
T.thermophilus are mixtures of thermophilic bacteria which
can be separated by careful selection of colonies grown
under stringent control of temperature on agar plates con-
taining activated charcoal to renlove toxins. Some of these
isolates closely resemble the DSM control sample, others
are quite different. Thus the bacterial sample used for the
preparation of seryl-tRNA synthetase contained two major
thermophilic bacterial strains; one (Tu 2b) produced yellow
colonies and had metabolic characteristics akin to those of
the DSM sample, the other (Tu 2a) produced white colonies
and did not correspond to the DSM sample.

Seryl-tRNA synthetase from Thermus
thermophilus (E. Bates, M.A. Tukalo,
A.D. Yaremchuk & R. Leberman)

Thermus thermophilus is a gram-negative extreme ther-
mophile, originally isolated from hot springs. The strain on
which our research is centred is believed to be the Japanese
isolate HB8 which has the DSM catalogue number 579.
This strain has recently been the subject of much study,
particularly with respect to the genes involved in protein
biosynthesis. The seryl-tRNA synthetase isolated from what
we have taken to be this strain has been sequenced at
its N-terminus and crystals grown from the native protein.
The N-terminal protein sequence of the first 50 amino-acid
residues was used to define two oligonucleotides, taking
into consideration the codon usage frequencies of Thermus
thermophilus. These two oligonucleotides were used in a
polymerase chain amplification reaction to select a single
DNA fragment of 160 bp. That this corresponded to the
N-terminus of the gene was verified by cloning and DNA
sequencing. The cloned fragment was then used as a
probe to detect the complete gene on Southern blots of
total genomic DNA isolated from the bacteria from which
the enzyme had been obtained. DNA bands of differing
molecular weight hybridized with the probe, indicating the
presence of two genes. Reisolation of the bacteria, under
conditions defined in this laboratory, showed two strains
of Thermus, the relative proportions of each varying under
different culture conditions. DN,\s isolated from pure cul-
tures of the two thermophiles showed only the presence of
single genes. A comparison with the type strain, DSM579,
indicated that one of the genes was probably that of HB8.
The two genes have been cloned into the vectors pUC18/19
and DNA sequencing is in progress.

Structural studies of the complex EF-Tu.EF-Ts
(T. Kawashima, C. Berthet-Colominas,
M. Fuginaga & R. Leberman)

The bacterial polypeptide elongation factor, EF-Tu, is a
guanine nucleotide binding protein whose predicted struc-
tural relationship to the Ras family of proteins (Leberman &
Egner, 1984) has been confirmed (Pai et ai, 1989). EF-Tu



has a high affinity for GOP and the exchange of this ligand
for the less tightly bound GTP is catalysed by interaction with
another soluble protein factor,EF-Ts. This factor may there-
fore be considered as analogous to the exchange factors
in the Ras system. The high affinity complex EF-Tu.EF-Ts
has already been crystallized (Leberman et al., 1981) but its
structure determination was not pursued; this is now being
undertaken.

The purification of the complex involved a purification of
EF-Tu, a partial purification of EF-Ts, a complexation of
EF-Tu with EF-Ts, and a final purification of the complex.
The purification of EF-Ts was the most difficult step in the
isolation of the complex. This has been simplified by the
donation by Dr. O. Wiborg of Aarhus University of a clone
for the over-expression of EF-Ts.

Crystallization trials revealed that the use of PEG 2000 and
PEG 4000 as precipitants yield crystals of about 0.4 mm
maximum dimension within a few days, but these were too
fragile and difficult to mount in a capillary. They also did
not diffract well. PEG 6000 produced more stable crystals
although growth is much slower and their "standard size" is
around 0.2 mm. Salt has to be included in the crystallization
trials and can be either NaCI or KN03. Crystals appear
faster with the latter and are slightly larger, but sometimes
are too numerous and of irregular shape. The crystals
obtained with NaCI diffract up to 3 A (measured on film)
whereas the one obtained with KN03 diffracts up to 2.8 A
(measured on the image plate).

Two data sets using the F.A.S.T. have been obtained.
One at 5 A resolution with an Rsym of 6.8% and 69% of
completeness, and the other one at 3.5 A resolution with
an Rsym of 7.9% and 66% of completeness. Searches for
heavy-atom derivatives are underway and, because of the
small size of the crystals and of their short lifetime in the
x-ray beam, a data collection at low temperature is planned.

Kinetic studies of aminoacyl-tRNA synthetases
(K.S. Larsen & R. Leberman)

Quenched-flow and stopped-flow fluorescence instrumenta-
tion is now in place to carry out detailed kinetic studies in
relation to the structural studies of class 2 aminoacyl-tRNA
synthetases and their mutants being produced in the Outsta-
tion. Both instruments are suitable for rapid data acquisition
which has proved invaluable in previous kinetic studies of
class 1 synthetases for the observation of transient reac-
tion intermediates. The initial projects will be to provide a
detailed kinetic model of E. coli seryl-tRNA synthetase to
complement future structural studies on the wild-type and
mutant enzymes.
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We try in both research projects (viruses and recA filaments)
to correlate the function with the structure, with emphasis
on testing the activity with the same samples as used
for the structural study. An important aspect in this year's
results was the critical analysis of "structures" induced by
adsorption to carbon films in negatively stained specimens
as compared to samples in amorphous ice.

Structure of viruses

Influenza virus proteins

Apart from the study on the structure and function of the in-
fluenza viral neuraminidase, described elsewhere, we have
been concentrating on the organisation of the interior of the
virus. Inside the lipid membrane of the virus one finds a layer
of M1 protein and the ribonucleoprotein (RNP) complexes.
There are eight separate RNA segments that together make
up the genome of the virus. The RNAs are covered with
nucleoprotein and each of these RNPs has one or more
polymerase complexes attached to it. The polymerase com-
plex, composed of three different proteins; PB1, PB2 and
PA, is responsible for the transcription and replication of the
viral RNA. However, full length RNA copies are only made
in the presence of NP, implying that a proper arrangement
of NP on the RNA is needed for efficient elongation. Further,
it has been suggested that the concentration of NP in the
cytoplasm of the infected cell is important for the switchover
from transcriptive to replicative RNA synthesis. We have
started investigating the interaction of NP with the RNA and
the structure of the RNA in the RNP complex and free in
solution. For this we have obtained viral RNA by in vitro
transcription of vDNA cloned into a pUC 19 plasmid using T7
RNA polymerase and NP from disrupted virus via glycerol
and caesium gradient purification. The final aim is to obtain
co-crystals of NP with oligonucleotides for x-ray analysis.
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The work on the M1 protein is progressing steadily. We
have spent most of the time optimizing the purification
procedure and the stability of the isolated: protein. In the
coming year we will focus on the structural and functional
characterization of this protein and its interaction with the
viral RNP. We would like to know how M1 inhibits viral
RNA transcription and eventually how M1 associates with
the eight RNPs to build a core structure of the influenza
virus.

Proteins of Rhabdoviruses

In parallel with the work on the internal proteins of influenza
virus, we started work on the internal proteins of vesicular
stomatitis virus (VSV), M and N, which may perform sim-
ilar functions as the influenza virus proteins M1 and NP.
This work was done in collaboration with A. Flamand and
Y. Gaudin, CNRS, Gif sur Yvette, France. Because it is
relatively easy to obtain large amounts of soluble VSV M
protein and pure nucleocapsids (RNA plus N protein), study
of these proteins and their interaction with each other may
lead to insight and experience vvhich could be useful for the
work on the influenza proteins.

We also studied the structure of the detergent isolated
glycoprotein (G) of rabies virus. The oligomeric structure
of this protein has been studied by negative stain electron
microscopy. The G protein on virus was found to be a
trimer, consisting of a head on a stalk with a total length,
extending from the viral membrane, of 83 A. The G protein
isolated using the non-ionic detergent CHAPS was also
clearly trimeric with a total length of 132 A, the additional
49 A being constituted by the transmembrane and the cy-
toplasmic C-terminal portions of the protein (Gaudin et al.,
Virology, in press). We are now in the process of studying
the structure of G at the pH of membrane fusion. In contrast



to the haemagglutinin of influenza virus which undergoes
an irreversible conformational change at low pH, G protein
of rabies virus seems to undergo a reversible change, both
structurally and functionally.

Electron microscopy of viruses

Good methods for studying the structures of icosahedral
viruses now exist such as x-ray analysis of crystals of
whole viruses and image reconstruction of virus in frozen
hydrated state. However, as the myxoviruses (influenza,
paramyxos, measles) and the rhabdoviruses (rabies, VSV)
do not appear to be icosahedral, the above methods cannot
be applied and negative staining electron microscopy is
often used to study their structures. We have made a careful
comparison of negatively stained virus (using uranyl acetate,
sodium silicotungstate, phosphotungstic acid and ammo-
nium molybdate as stains) and virus in frozen hydrated state
(in collaboration with E. Hewat, CENG, Grenoble, France),
assuming that the frozen hydrated samples reflected the
true nature of the virus suspensions. The general conclu-
sions are that (1) Each stain induces its own stain-specific
artefacts. Also uranyl acetate, which we assumed to pre-
serve the spherical shape of influenza virus, was· shown to
induce a rather unexpected artefact: it made both influenza
virus and the bullet shaped VSV round. (2) Each virus
is affected by the stains in a virus specific manner. The
induced morphological changes depend on the molecular
structure of the virus and stain-induced artefacts may give
information on the forces that determine the shape of a
virus. (3) The isolation, purification and storage methods
may greatly influence virion shape. This aspect of virus
morphology has so far not recieved sufficient attention in the
literature, probably because of lack of communication be-
tween classical virologists, biochemists and electron micro-
scopists, and warrants further study. Finally, there may exist
morphological differences between virus produced early and
late in infection. Because an image, as obtained from elec-
tron microscopy, has a powerful effect on the imagination
and the formation of ideas and models, it is important that
such images reflect the true state.

Activation of RecA protein: the interaction with
ssDNA studied by electron microscopy

RecA of E.coli is necessary for homologous recombina-
tion and the control of the 80S response of DNA re-
pair following UV or drug treatment. These effects have
been shown in vitro to be the result of the activity of
recA protein: the purified protein (Mr 37,800) can per-
form strand exchange between two DNA substrates (re-
viewed in Kowalczykowski, 1991); and it can induce the
cleavage of LexA protein (the repressor of a family of
about 20 genes, many of which are involved in DNA re-
pair (Little & Mount, 1982)). For both activities, RecA re-
quires the presence of both DNA and ATP. ATP is hy-
drolyzed at a rate of 20-30 ATP per minute (reviewed in
Roca & Cox, 1990), but the non-hydrolysable analogue
ATP')'S supports both strand exchange and repressor cleav-
age.

The active form of RecA, the complex with DNA and ATP,
has been shown by electron microscopy to be a filament with
the DNA covered by a helical protein coat of 6 RecA units
per turn of 95 Apitch (reviewed in Egelman & Stasiak, 1986).
The structure of the protein coat in these filaments ap-
pears indistinguishable whether formed on single-stranded
or double-stranded DNA (dsDNA). However, the level of
enzymatic activity of the two complexes differs in strand
exchange, ATP hydrolysis and LexA cleavage, the single
strand complex being usually more active (Roca & Cox,
1990). However, under special conditions, the double strand
can support both strand uptake and strand exchange. ATP
hydrolysis in the presence of dsDNA has been shown to
depend on the binding efficiency of dsDNA. The LexA
cleavage reaction is usually an order of magnitude slower
in the presence of double-stranded DNA (10-20% in our
hands, where binding of the DNA is controlled (DiCapua et
al., submitted)

The basis of the difference may lie in the charges and
hydrophobicity resulting from the occupancy of binding sites.
The binding sites for ss- and dsDNA can be predicted to be
(1) existing as two entities, since both are occupied simul-
taneously during strand exchange, but also (2) interchange-
able to some extent, so as to be able to accommodate
both the reactants and the products of strand exchange
(albeit with different affinities in order to drive the reaction,
reviewed by Stasiak et al., 1991), and to explain the partial
equivalence of ssDNA and dsDNA for LexA cleavage. A still
puzzling difference between the binding of ds- and ssDNA to
RecA is the binding stoichiometry: while in the double strand
complex precisely 3 base pairs are bound per RecA unit, the
stoichiometry to ssDNA varies between 6 and 3 nucleotides
per RecA, depending both on the method of analysis and
on the model used for interpretation (reviewed in Roca &
Cox, 1990). In the literature, biochemical experiments by
titration with the fluorescent analogue etheno-DNA suggest
4-5 nt/RecA, while by enzymatic assays 3-6 nt/RecA are
found by titration of the ATPase and LexA cleavage ac-
tivities. Direct visualization by electron microscopy shows
a trend towards 3 nt/RecA; this stoichiometry, however, is
seldom reached, although single experiments did achieve
the expected stoichiometry; this legitimates the structural
models of Howard-Flanders et al. (1984) where 3 nt/RecA
in the "resident" complex "assimilate" 3 bp/RecA into the
second site ready for strand exchange. However, the bio-
chemical observations suggest a rather "fuzzy" binding site
for ssDNA. This "fuzzy" site is perhaps a physical reality
which might indeed enhance the reactivity of the complex,
in contrast to a more static, well-filled binding site.

The pitch of the helical complex

In collaboration with Elizabeth Hewat (CENG, Grenoble), we
have shown that the outer structure of the filament indeed
reflects this state under some conditions: in electron mi-
croscopy of samples in amorphous ice (unfixed, unstained,
and not adsorbed to a surface), the pitch of the helical
protein coat of the single strand complexes is found to
be 100 ± 2A, while it is 95 ± 2A in the double strand
complex (Plates 84a and 84b show a field of complexes
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PLATE 84 PLATE 85

(a) Complexes of RecA with ssDNA at 3 input stoichiometries (3,
6, 12 nt/RecA) and (b) the contour length of such complexes as a
function of input stoichiometry (expressed as length per nucleotide
of DNA)
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The pitch of complexes of RecA protein with dsDNA (a) and ssDNA
(b) as seen in cryoEM. (c) shows the pitch distribution measured on
a similar micrograph prepared from a mixture of ssDNA complexes
(circular, hatched) and dsDNA complexes (linear, black) (Hewat et
al., 1991).

The stoichiometry of binding to ssDNA

Here we use a novel approach, measuring the contour
length by electron microscopy, to determine this stoichiome-
try. We obtain the value from 3 points of view: the saturation
point in a titration curve, the shape of the titration curve, and
the combination of length in nucleotides with the mass per
length in RecA units obtained by neutron scattering.

with ssDNA and dsDNA, respectively, and Plate 84c a
histogram of pitch values found in a mixed experiment where
circular ssDNA complexes were coprepared with linear ds-
DNA complexes (Hewat et al., 1991). Both structures con-
verge to about 95 Apitch in negatively stained specimens,
indicating that adsorption forces stabilize the 95Astructure,
while we speculate that the 100 Astructure is more reactive.

Plate 85 shows the contour length (expressed as axial rise
per nucleotide, Le. the length in Adivided by the length of
the DNA in nucleotides) of complexes formed on M13 DNA
(7340 nt) as a function of the input stoichiometry, measured
after short times (10 min) of incubation with ATPl'S. Plate
85a illustrates a few selected points of this experiment, one
in RecA excess ("3 nt/RecA"), where RecA self-polymers
are visible in the background, one at the titration point ("6
nt/RecA") where this background has largely disappeared,
and the last in DNA excess ("12 nt/RecA"), where the back-
ground is also clean, but the contour length of the complexes
is shorter, indicating that all the DNA molecules have bound

1 2 3 6 9 12
input stoichiometry (nt/recA; incubation 10 min.)

RecA, but each got less of it. The local structure of these
3 examples is undistinguishable: same width and same axial
repeat (95 A in negatively stained samples and 100A in
amorphous ice). It is surprising that the complex at DNA ex-
cess has an uninterrupted appearance; for a well-structured
interaction, one would rather expect patches of binding
separated by unbound DNA. Instead, the regularity of the
RecA coat suggests that any number of nucleotides above
6 can be incorporated in the complex. Alternatively, loops
of uncomplexed DNA might be located at the few visible
kinks observed in complexes with excess DNA. However,
it is surprising in any case that the RecA distributes evenly
between all the DNA molecules (the gaussian distribution
in lengths is just as small (about 5%) as in the data points
measured at RecA saturation). T:-/e contour length of these
complexes were plotted as a function of input stoichiometry
in Plate 85b. We can see that the curve follows a theoretical
curve obtained under the assumption of full binding of all
the RecA up to saturation at one RecA per 6 nt (we call this
"stoichiometric" binding): at 12 nt/RecA input, the complexes
are half as long as at 6 nt/RecA, at 18 nt/RecA input,
one third as long, as predicted if all the RecA would (1)
distribute evenly to all the DNA molecules, and (2) form
the same stucture. From this experiment, we conclude that
the stoichiometry of instant binding must be 6 nt/RecA at
saturation with RecA, and that excess DNA (at input of e.g.
9, 12, 15 or 18 nt/RecA) is "incorporated" in the complex
in a way difficult to model, since the protein coat appears
regular and undisturbed.

1bo Pitch (A)95
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PLATE 86

The lengthening of complexes of RecA with ssDNA with time of
incubation in excess RecA. The dashed lines indicate the "immedi-
ate" length at the beginning of incubation, and the theoretical "final"
length (identical to that of ds complexes, which reach their final
length at 3 bp/RecA).
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Structure and dynamics of pUC18 DNA
as a function of superhelix density
(U. Kapp &J. Langowski, in collaboration
with K. Klenin, Moscow)

The HPLC technique for the separation of topoisomers
of superhelical DNA (EMBL Annual Report 1990; Kre-
mer et a/., 1992) was used to obtain 0.1 mg amounts
of narrowly distributed topoisomer families of the plasmid
pUC18 (2686 base pairs). The diffusion coefficients and
internal motions of these topoisomer preparations were
then determined by dynamic light scattering (DLS). Super-
helical densities of the preparations were determined by
the band shift assay (Keller, 1975) in agarose gels, and
corrected for the difference between the gel and the DLS
buffers. Plate 87 shows the translational diffusion coeffi-
cient Dr of pUC18 as a function of its superhelical density
a. Dr increases with a from a low value of 4.0x10-12
(m2s-1) for the fully relaxed species to 4.9...5.2x 10-12
(m2s-1) for the most supercoiled species with a=-0.04. ..-
0.05.

The curve of 0t vs. a can be used to test the Monte-Carlo
model of superhelical DNA structure (Klenin et a/., 1991)
modified by K. Klenin in our group. This model predicts the
structure of a superhelix using only known literature values
for the persistence length, torsional rigidity and hydrody-
namic diameter of DNA. In the model the DNA chain is ap-
proximated by a circularly connected sequence of segments
comprising approx. 30 base pairs each, and the space
trajectory of the chain is covered with beads of 3.184 nm
diameter to reproduce the known hydrodynamic radius of
DNA. From these bead models the diffusion coefficients are
calculated using an algorithm described by De Haen et a/.,
1983.

The theoretical points in Plate 87 have been obtained using
two different values for the torsional rigidity: a=8.8x 10-12
(dyn cm), which is found in some studies of cyclization of
DNA fragments (Horowitz &Wang, 1984), and a=4x 10-12
(dyn cm), which is a value typically found by fluores-
cence techniques (Thomas et a/., 1980). Only the latter
value gives an agreement between the simulations and our
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PLATE 87

Translational diffusion coefficient of topoisomers of pUC8 (2686 bp)
as a function of the number of negative superhelical turns
(.) experimental data; (.) Monte-Carlo simulation with a torsional
constant a=4x 10-12 (dyn cm); (0) with a=8.8x 10-12 (dyn em).

7-r------------------......---
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negative superhelical turns

measurements within experimental error, thus giving addi-
tional support for the "low" value of the torsional rigidity.

The internal motions of the topoisomers are analysed using
the biexponential model proposed by us (Langowski et a/.,
1986). The amplitude of the fast decaying component of
the DLS autocorrelation function at high scattering vectors
(K>2x107 (m-2 )) is taken as a relative measure of the ex-
tent of internal motion of the DNA molecule. These internal
motions show an overall decrease when a is increased;
however, between a=-0.02 and a=-0.04 the amplitude
increases transiently. This behaviour might be related to
the secondary structure changes proposed by Song et a/.,
1990. For a precise interpretation of this result, a simulation
of the motions of the superhelix using Brownian dynamics
is necessary. These studies are presently underway (see
below).



PLATE 88 PLATE 89

0.2.....-------------------...,

Amplitude of the fast relaxation process in dynamic light scattering
from pK3A108 without curved insert (0) and pK4A108 with perma-
nently curved 80 base pair insert (.) as a function of the square of
the scattering vector K.
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Loop formation probability vs. chain position for a 91-segment
model of pUC18 (2686 bp) with and without permanent bends.
Solid line: 90°bends at position 1 and 46, grey line: no bends.

of DNA without a permanent bend, and a significant part
of the DNA will show less conformational fluctuations. This
might explain the decrease in internal motion amplitude
seen in DLS.
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Permanently bent sequences organize the
superhelix (W. Kremer, U. Kapp &J. Langowski,
in collaboration with K. Klenin (Moscow),
A. Kolb (Paris) & J. Dubochet (Lausanne))
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It has recently been proposed that the arrangement of
permanently bent sequences can determine the shape of
a superhelical DNA (Laundon & Griffith, 1988). The reason
for this effect was supposed to be a preference of the bend
for the external loop of an interwound superhelix. Through
a combination of DLS, vitreous ice electron microscopy,
and Monte-Carlo simulations we could now characterize the
nature of the structural and dynamical changes introduced
by permanent bends on DNA samples in free solution.

A consequence of this "freezing" of the superhelix around a
permanent bend is that the neighbour relationships between
DNA sequences to both sides of the bend become defined.
Thus, another test of the structural rearrangement of super-
helical DNA by the bend would be to measure DNA looping
by bifunctional DNA-binding proteins such as lac repressor,
with a permanent bend at various positions between the
two binding sites on the DNA. Experiments of this type are
planned.

Six different plasmids of a size of 2,317 to 2,337 bp were
studied which carried approx. 80 bp long insertions of dif-
ferent curvature. The main result is that the presence of a
permanent bend decreases the amplitude of internal motion
drastically (Plate 88). Other structural parameters, such as
translational and rotational diffusion coefficients, and the
internal segmental diffusion coefficient, show only rather
small changes. Binding of CAP protein in the presence of
cAMP to plasmids containing the CAP binding site seems
to have a similar effect; the amplitude of internal motion
decreases when CAP is bound, this interaction bending the
DNA by 900 (Schultz et al., 1991).

A tentative explanation for this can be obtained from Monte-
Carlo modelling by correlating the position of the superhelix
end loop with that of the permanent bend (Plate 89). The
results clearly show that the loop formation probability is
greatly increased at the positions of the permanent bends;
moreover, the loop formation probability is actually de-
creased over a range of approx. 500 bp to both sides of the
bend. Thus, the conformational space of the DNA spanning
the bend is strongly restricted compared to the same length

Solution structure of curved DNA fragments
(VV. Kremer &J. Langowski)

The curvature of DNA-sequences with repeating A-tracts
has been estimated until now through their slower migration
in polyacrylamide gels compared to linear DNA. To obtain
reliable data on the curvature of DNA in free solution, a
set of 6 sequences of varying curvature was subcloned into
pUC18 and pBluescript KS. By different restriction diges-
tions and HPLC purification, fragments in the range of 320
to 985 bp can be obtained which carry the insert at different
positions with respect to the center of the fragment.

By DLS measurements of the translational diffusion coeffi-
cient and internal motions, the influence of the permanent
bend on the solution structure of these fragments can be
determined and the bending angle measured by comparison
with hydrodynamic models. First results on 320 bp frag-
ments with the curved insert show agreement of the DLS
data with curvature predictions from a model developed by
Bolshoy et al., 1991.
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(a)

PLATE 90

Brownian Dynamics calculation of a 281 bp DNA
circle simulated by 30 spherical beads. (a): start-
ing configuration, (b): after 10 /lS, (c):

after 0.1 /lS, (d): after 10 /ls,
number difference (number of su-

perhelical turns)

(c)

Brownian Dynamics of a 300 base pair DNA circle
(J. Langowski, in collaboration with G. Chirico (Milano))

The Brownian dynamics model for the motions of linear and
superhelical DNA (Chirico & Langowski, 1992) has been
applied to predicting the motions of a short circular DNA.
The DNA molecule was modelled as a contiguous chain of
30 beads of diameter d=3.184 nm. The total length of the
chain thus corresponded to 281 base pairs. The motions
of circular chains of linking number difference LlLk=-2 and
-5, corresponding to superhelical densities of 0-=-0.07 and
0-=-0.19, were simulated for approx. 10 j.1s, starting from a
flat circular configuration.

Plate 90 shows some typical configurations of the two
DNA chains during the course of the simulation. Since the
bending tension in these small circles is much higher than
in typical superhelical plasmid DNAs of several thousand
bp length, we had to employ much higher superhelix den-
sities than the 0-=-0.05 .. .0.07 found in natural DNAs to
form superhelical turns. The circle with LlLk=-2 starts to
form a single superhelical turn only at the very end of the
simulation, while for LlLk=-5 the formation of the first turn
takes about 1 j.1s. After two superhelical turns have formed,
the amplitude of the shape fluctuations of the LlLk=-5 circle
decreases visibly; this is in agreement with our older finding
that the internal motion amplitude of superhelical DNA is
much smaller than that of linear DNA (Langowski, 1987).

We note that the formation of the interwound superhelix
of the LlLk=-5 circle proceeds through a transient toroidal
state which is formed after approx. 0.1 j.1s. A similar mech-
anism has now been observed in simulations of longer
plasmid DNAs (data not shown).
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Diffraction instrumentation group

Group leader: C. Wilkinson

Scientists: A. Gabriel, A. Thompson*

Assistants: F. Cipriani*, F. Dauvergne

Visitors: Y. Dupont*, K. Kuroda*, M. Lehman*, L. Mateu*, D. Sillou*, H.G. Stanbold*, P. Nez*, T. Zemb*

0821 (C. Wilkinson)

The neutron diffractometer OB21, which is run jointly with
ILL, has traditionally been used to examine single crystals
of protein complexes with large unit cells at low (rv15 A)
resolution, where it has been especially successful in locat-
ing disordered regions (such as detergent) in the structure
using contrast variation techniques. Whilst these studies
continue to form the bulk of the work of the instrument,
tests have been made on measuring single crystals of
proteins with comparatively small (rv60 A) unit cell edges.
These have shown that it is practical to extend the range
of instrument to examine structures at a resolution of
5 A, by installing a graphite monochromater which delivers
neutrons of 4.75A wavelength. In this "higher resolution"
mode, the instrument has been used to collect data from
a protonated single crystal of FIS, the factor for inver-
sion stimulation (collaboration with W. Saenger, Berlin and
M. Lehman, ILL). The disordered N-terminal amino-acids
have been identified, using phase information calculated
from ordered region of the molecule which has been de-
termined by x-ray diffraction. The return of neutrons to ILL
is eagerly awaited so that these measurements can be
continued.

Quasi-Laue neutron diffractometer
(C. Wilkinson, A. Gabriel & F. Oauvergne)

At present, on a "conventional" monochromatic neutron
diffractometer, the time taken to collect data to atomic
resolution from a protein crystal with a volume of several
cubic millimetres is of the order of three weeks. To be
able to examine crystals of smaller volume or with larger
unit cells in a similar time, we are developing with ILL
(collaboration with M. Lehman) an instrument equipped with
several position-sensitive detectors and a beam geometry
which allows the selection of a broad wavelength band. The
success of such an instrument depends very much on the
detectors, and those which we are currently investigating are
position-sensitive photomultiplier tubes. The photomultiplier
output appears in the form of voltage signals on an x,y
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anode grid at the rear of the tube. These can either be
treated by charge division to give x,y coordinates using a
centre of gravity calculation, or the signals can be launched
on a delay-line for each axis and the event coordinates
measured by a time of transit method. Both techniques
show promise, and we are assembling complete systems
using each read-out method for routine long-term testing on
existing neutron diffactometers. We are presently extending
our detector tests to an x-ray image plate detector equipped
with a Gd scintillating foil; preliminary results look very
encouraging. The image plate is eminently suited for the
Laue mode of measurement, which requires several minutes
of exposure time between each data read-out.

Parallel plate x-ray detector
(A. Gabriel, F. Oauvergne &
M.H.J. Koch (EMBL Hamburg))

Traditional wire chambers for x-ray detection have count rate
limitations resulting from space charge effects, which can be
overcome by using a parallel plate (micro gap) detector. We
have constructed such a detector, the layout of which is
shown in Plate 91.
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The gap between the plates is 1.6 mm and the detector
is filled with a Xe/C02 mixture at 2 atmospheres pressure.
Position read-out is given by delay-line system. The detector
has been tested in high intensity x-ray beams at EMBL
Grenoble and EMBL Hamburg, were the spatial resolution
has been found to be good (0.5 mm) and the parallax
error at an incident angle of 45° has been observed to be
negligible (without drift region). Count rates of 106 sec-1

have been observed, the limit of the performance of the
present delay-line data acquisition system (see below).

Image delay line position read-out system
(F. Cipriani, A. Gabriel & M.H.J. 'Koch (EMBL Hamburg))

MAD beamline at ESRF (A. Thompson)

EMBL are collaborating with the European Synchrotron
Radiation Faility (ESRF) in the construction of a bending
magnet beam-line (BL19) for multi-wavelength anomalous
dispersion (MAD) studies on protein crystals. Several beam-
line designs are under consideration and these will be
discussed with the user community at a MAD workshop to
be convened in 1992. Collaboration in developing the MAD
technique is also taking place with Manchester University
(studies of concavalin A with J. Helliwell) and Keele Univer-
sity (various proteins including OppA, g II crystallin with I.
Glover) using the facilities at SRS Daresbury.

A limiting factor in the resolution and speed of data acquisi-
tion achievable with a multiwire proportional chamber and
delay-line read-out system concerns the method of time
to spatial conversion of the delay-line signals. This has
traditionally been based on digital conversion using standard
time to amplitude and amplitude to digital converters, or
hybrid time to digital converters. A prototype of a new
"image line" system (shown in Plate 92) which is capable of
improving the speed has now been constructed and tested.

Signals A and B from the event X on the detector propagate
in both directions along the source line and are introduced
to a discrete element "image" line, along which they pass,
and where they eventually coalesce to give an image X'
of the original event. The position of the element at which
coincidence occurs can then be detected, and by a suitable
choice of the elements in the image line, a magnification
of the time/space scale on the source line can be achieved.
The method also has the advantage of giving a parallel read-
out of events on different detector wires, thereby increasing
the count rate limit of the system. The test line which has
been constructed contains 24 elements, each with a delay
of 0.4 ns. The resolution of signals separated by 0.8 ns
has been experimentaly achieved, and when connected
to an actual x-ray detector with a source line delay of
1.2 ns/mm, a spatial resolution of 0.33 mm on the detector
has been observed. Work is continuing to improve the signal
resolution limit on the image line, and to extend its length to
correspond to the full spatial range of the detector.
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